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emission is both time-delayed and optically thick. Consequently, AARC
includes both the finite time response of the CO2 excited=-state density

to the auroral electroms and the calculation of radiative-transfer effects
through a line-by~line transport code.

The resulting code is user~friendly and menu-driven. Standard output .
consists of the total radiance in a molecular band and of the spectra

observed by a spectrometer of user-prescribed spectral resolution and
lineshape.




Preface

This report discusses the regults of recent research on modeling
the infrared emission from the earth’'s upper atmosphere under auroral
dosing conditions, One outgrowth of basic research into the radiative
properties of the terrestrial thermosphere has heen the issuance of a
first-principles, user-friendly sclentific model known as AARC (Auro-
ral Atmospheric Radiance Code). This report serves as both a discus-
sion of the scientific foundations of the model, as well as a user's
gulde to AARC, Scientists and engineers wishing a copy of the code
should communicate with the authors. It is the hope of the authors
that the reader will find the model both useful for scientific appli-
cations and easy to interact with (and modify, 1f necessary).

This research was supported by the Air Force Office of Scientific
Remearch (AFOSR) through Project 2310. We are grateful to Donald Ball
of AFOSR and to Randall Murphy and Robert O’'Neil of AFGL, for their
support and encouragement. We are also grateful to A.T. Stair, Jr.,
for his encouragement to start work on this infrared auroral model,
We benefited greatly from discussions with E.R. Hegblom and W.F.
Grieder during the early phases of this work, and the structure of
the resulting code shows thelr influence. The final version of the
AURGRAF plotting program included as part of AARC was written by
Armand Paboojlan., We appreciate a careful reading of the manuscript
by David Sparrow,
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An Infrared Spectral Radiance Code for the
Auroral Thermosphere (AARC)

1. INTRODUCTION AND OVERVIEW

The deposition of electron energy in the thermosphere during an
auroral svent 1s accompanied by the emisslon of coplous optical radla-
tion. The emission occurs throughout a broad spectral region ranging
from the extreme ultraviolet to the infrared. Radliatlion of major band
systems in the infrared reglon of the spectrum accounts for a large frac-

tion of the total energy deposited, representing more than 20 percent of

(Received for Publication 23 November 1987)
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the deposition under some circumstances.!”? The infrared radiation

from tha thermosphers plays an important role in the thermospheric
heat budget,*? can be used to rdmotely sense thermospheric state and

composition®, and may be seen as background by infrared surveillance
sensors, Consequently, it is of gria; importance to understand how
auroral activity alters the thermospheric infrared environment.

A number of experiments have been carried out at AFGL and else-

where with this goal in mind, Thay involved rocketborne and satel-
lite-borne probes? ’"1% and, to a lesser extent, ground-based!™'?

and aircraft-based** instruments.

1. Whalen, J,A., O'Neil, R.R., and Picard R.,H. (1985) "The
Aurora," Chapter 12 of Handbook of Gamophysics and the Space
Environment, ADA 167000, A.S. Jursa, Editor, Air Force
Geophysics Laboratory, Hanscom AFB, Massachusetts, pp. 12-1 to
12-42, :

2. Staiyr, A.T., Jv., Ulwick, J.C., Baker, K,D., and Baker, D.J.
(1975) Rocketborne cobhservations of atmospheric infrared emis-
sions in the auroral rsgion, in Atmospheres of Earth and the

Planets, B.M. McCormac, Editor, D, Reidel Publishiiz Go.,
Dordrecht, p. 335.

3. Gordliets, B.F., and Markov, M.N. (1977) Infrared radiation in
the energy balance of the upper atmosphere, Kosm. Issled, 15:
725-35 [transl: (1978) Cosm, Res, 15: 633.41].

4. FKockarts, G, (1980) Nitric oxide cooling in the terrestrial
thermosphere, Geophys. Res. Lett. 7: 137-40,

5. Gordiets, B.F., Kulikov, Yu.N.,, Markov, M.N., and Marov, M.Ya.
(1982) Numerical modsling of the thermospheric heat budget,
J. Geuphys, Res. 87: 4504-14,

6. Zachor, A.S,, and Sharma, R.D. (1985) Retrieval of non-LTE
vertical structure from a spectrally resolved infrared limb
radiance profile, J. Geophy:. Res. 90: 467-75,




A number of open-literature, scientific models have been generated

that describe the ultraviolet and visible radiation emitted by the

aurorally dosed thermcsphere, given tha dosing conditions.3-1® Such

t models analyze the chemistry, the radiation transport, and occasion-

L ally the dynamics that follow upon ausos. energy deposition and

70

Baker, K.D., Baker, D.J., Ulwick, J.C., and Stair, A.T. Jr.,

10,

11.

12,

13.

14,

15.

oo

(1977) Measurements of 1.5- to 5,3-um infrared en' \ncements
associated with a bright auroral breakup, J. Geop: - . Res, 82:

3518.

Rawlins, W.T., Caledonia, G.E., Gibson, J.J., and Stair, A.T.,
Jr.(1981) Infrared emission from NO{(Av = 1) in an aurora:
Spectral anslysis and kinetic interpretation of HIRIS 1 casure-
ments, J, Geophys., Res, 86: 1313,

Reidy, W.P., Degges, T.C., Hurd, A.G., Stair, A,T., Jr., and
Ulwick, J.C. (1982) Auroral nitric oxide concentration and
infrared emission, J, Geophys, Res, 87: 3591-8,

Stair, A,T., Jr., Pritchard, J., Coleman, I., Bohne, C.,
Williamson, W., Rogers, J., and Rawlins, W.T. (1983)
Rocketborne cryogenic (10° K) high-resolution interferometer
spectrometer flight HIRIS: auroral and atmospheric IR emission
spectra, Appl. Opt, 22: 1056,

Vallance Jones, A,, and Gattinger, R.L. (1971) Infrared
spectrum of aurora, in The Rndiating Atmosphegg, B.M.
McCormac, Editor. D. Reidel, Dordrecht, pp. 176-84.

Baker, D., Pendleton, W., Jr., Stead, A., and Huppi, R. (1977)
Near-infrared spectrum of an aurora, J. Geophys. Res., 82:
1601-9.

Gattinger, R.L., and Vallance Jones, A. (1981) Quantitative
spectroscopy of the aurora. V. The spectrum of strong auroura

between 10 000 and 16 000 A, Can. J. Phys. 59: 480-7.

Huppi, R.J., and Stair, A.T., Jr. (1979) Aurorally enhancad
infrared emissions, Appl. Opt. 18: 3394,

Vallance Jones, A, (1975) A model for the excitation of optical
aurora and some of its applications, Can. J. Phys. 53: 2267-
84,
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determine the characteristics of the observable photon emission.
Ideally, they are easy for the experienced and inexperienced user to
interact with and include tools to enable a sclentist or engineer to
run them under a wide variety of conditions.

There is a need for an open-literature scientific model that will
extend the capability to do first-principles radiance modeling in a
user-friendly environment into the infrared portion of the spectrum,
where many of the models available to date have tended to be of an

empirical nature or systems-oriented. Among the more fundamentally
oriented early codes, one should pay special notice to the ARCTIC®®
and OPTAUR/QCARC?! codes, which were applied to the analysis of the

ICECAP? data.

16. Rees, M.H. (1975) Processes and emissions assoclated with elec-
tron precipitation, in Atmospheres of Earth and the Planets,
B.M. McCormac, Editor. D. Reidel Publishing Co., Dordrecht,
pp. 323-33.

17. Meler, R.R., Couway, R,R.,, Feldman, P.D., Strickland, D.J., and
Gentleu, E.P, (1982) Analysis of nitrogen and oxygen far UV
auroral emissions, J. Geophys. Res, 87: 2444,

18, Strickland, D.J,, Jasperse, J.R., and Whalen, J.A. (1983)
Dependence of auroral FUV emissions on the incident electron
spectrum and neutral atmosphere, J. Ceophys. Res, 88: 8051-62,

19, Degen, V. Private communication.

26, Tarr, P.W., Archer, D.H,, and Utterback, N.G. (1974) Studies
of Auroral Simulation, DNA Report No. 3297F,

21, Hurd, A.G., Carpenter, J.W., Degges, T.C., Grieder, W.F., Reidy,
W.P., Shepherd, 0., Stair, A, T,, Jr., 0'Neil, R.R., Ulwick,
J.C., Baker, D.J., and Baker, K.D. (1977) Comparison of
ICECAP and EXGEDE rocket measuraments with computer code
predictions, AFGL-TR-77-0060, AD-A047526.
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A number of aids are available in developing such a first-princi-
ples scientific model. First, as alluded to earlier, ICECAP and other
AFGL experiments, as well as experiments elsewhere, have demonatrated
that the radiance from several infrared molecular vibration-rotation
band systems is enhanced markedly under conditions of moderate and
strong dcn:l.ng.""1 In particular, the FWI experiment, launched from
Poker Flat, Alaska, into a moderate aurora in April 1983, has yielded
a rich data set on the radiative nropert.ies of the auroral thermo-
sphere in the 2 to 7 um spectral region. The exparimental data from

FWI has been analyzed and modeled to increase our understanding of the

aurorally dosed thermosphere.®® This infrared data base is available

as a guide in choosing the processes to include in an infrared auroral
model and as a test data set with which to compare the model predic-
tions, Secondly, a number of theoretical papers are avallable
describing soms of the basic procasses, including electron-induced
chemistry and radiation transport, resulting from auroral dosing of

the atmosphere and required by such a first-principles model,3?-2¢

22, Picard, R.H., Winick, J.R., Sharma, R.D., Zachor, A.S., Espy,
P.J., and Harris, C.R. (1987) Interpretation of infrared
measurements of the high-latitude thermosphere from a
rocketborne interferometer, Adv. Space Res., 7(No, 10):23-30

H 23. Roble, R.G.,, and Rees, M .H. (1977) Time-dependent studies of

the aurocra: Effects of particle precipitation on the dynamic
morphology of ionospheric and atmogpheric properties, Planet.
Space Sei, 25: ©351-1010.

24, Kumer, J.B. (1977) Theory of the CO, 4.3 um aurora and related
phenomena, J. Geophys. Res. 82: 2203,

25, Caledonia, G.E., and Kennealy, J.P, (1982) NO infrared radia-
tion in the upper at' asphere, Planet. Space Sci. 30: 1043.56,
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Finally, a number of laboratory spectroscopic and chemical-kinetic
investigations, including those c¢onducted at AFGL’s LABCEDE and

COCHISE facilities, contain useful data to incorporate into the

desired infrared model,38-29

The current work describes a program undertaken at AFGL to develop
such an auroral modal. The AARC (Auroral Atmospheric Radiance Code)
model has been developed as a First-principles, scientific model of
the infrared behavior of the nighttime auroral thermosphere. It is
sasy to use and, at the same tiza, incorporates the latest wader-
standing of auroral energy deposition, electron-deposition-induced
chemistry, and infrared radiation transport. AARC f£ills the gap
batween scientifically well-grounded models of the visible and ultra-
violet radiance from aurora, on the one hand, and empirical models of
the infrared auroral radiance based on measured afficiencies, on the
other, It uses the best avallable theorstical methods, consistent
26. Sharma, R.D., Siani, R.D., Bullitt, M.K., and Wintersteiner,

P.P. (1983) A computer code to calculate amigsion and

transmission of infrared radiation through non-equilibrium
atmospheres, AFGL-TR-83.0168, ADALl37162,

27. Kennealy, J.P., Del Greco, F.P,, Caledonia, G.E,, and Green,
B.D, (1978) Nitric oxide chemiexcitation occurring in the
reaction between metastable nitrogen atoms and oxygen
molecules, J. Chem. Phys. 69: 1574-84,

28, Smith, M.A., Bierbaum, V.M., and Leone, S.R. (1983) Infrared
chemiluminescence from vibrationally excited NO': product

branching in the N* + 0, ion-molecule reation, Chem. Phys.
Lett. 94:398-403.

29, Grean, B.D., Caledonia, G.E., Blumberg, W.A.M., and Cook, F.H.
(1984) Absolute production rates and efficiencies of NO in
electron-irradiated N,/0; mixtures, J. Chem. Phys. 80: 773.8.
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with the requirements of reasonable executlon speed and computer
storage, and uses available laboratory, fileld, and calculated inputs

for chemical, spectroscopic, and aeronomic parameters.

1.1  Scientific Overview

Auroral anergy deposition resulting in infrared radiance seen by a
radiometer or a spectrometer is a complex process involving a number
of different processes. Consaquently, an infrared auroral model such
a8 AARC requires a number of distinct elements to describe the ob-
served radiance properly, A typical block diagram showing some of
these processes and elements is shown in Figure 1. All of these
elements are dealt with in some fashion by AARC, and the manner in
which this is done is described in the rest of this section,

In its current implementation, AARC is basically a short-wave to

medium-wave infrared model, covering the spectral range from 5000 to

1400 em™ (2 to 7 um). The important long-wave infrared reglon 1is not
covared for two related reasons: (1) There is no conclusive data

showing enhancements of infrared radiation under auroral dosing condi-
tions in the long-wave region between 1100 and 600 cm™!, Some avi-
dence for enhancements by an order-of-magnituc. on the 1040-cm™ »,
band of ozone and the 667-cm™! v, band of CO, was found in the HIRIS
experiment, but the data are flawed by the tumbling of the payload and
the broad angle of acceptance of the untelescoped sensor, which viewed

the aurora in a half-1imb geometry.® ! Hopefully, data from the re-

cently launched SPIRIT interferometric prote, which i{s currently being

|
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INFRARED AURORAL MODELING
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Figure 1. gaﬁet{atic of the Loglcal Structure of Infrared Auroral
odel.




analyzed, will fill this gap. (2) There is no established mechanlsm,
with reasonably well-known rate constants and other parameters, for
enhancing the long-wave radiance through auroral activity.

The altitude range of interest in AARC is 90 to 160 km. This is
the main region where infrared-radiation enhancements due to auroral
slectrons are sasn by infrared detectors., Below 90 km there is very
little deposition by the typical electrons of characteristic energy
~30 keV associated with an IBC class III* or IV aurora, Above 160 km,
on the other hand, the infrared radiance observed in the zenith or the
earthlimb is too faint to ba seen by typical infrared detectors,

The main auroral radiators iln the spectral range covered by AARC
are the 1876-cm™* (5.3-um) fundamental bands and the 3724-em™ (2.7-
pm) overtone bands of NO and the v,-moda fundamental bands of CO, near
2349 om™ (4.3 um). These radiators are included in the AARC cods,
along with the weaker 2344-cm"! fundamental bands of NO®, which share
the 4,3-um region with CO,, In the limit of zero dosing, AARC in-
cludes radlance from two radiators observed in the background atmos-
phere, namely the NO v'=]l <+ v"=0 fundamental and the €O, v, bands.
Radiators in the quiescent nighttime atmosphere that are not enhanced
during aurora are omitted from the code at the present time, Notably,

these include the v, and v, modes of H,0 near 3830 em! (2.7 um) and
its v; mode near 1650 em™! (6 um), as well as the OH fundamental

Meinel bands near 3738 cm™® (2.7 um).
The AARC model includes a model atmosphere, read in from an

external file, Insofar as possible the species profiles supplied have




been chosen from the 1976 U.S. Standard Atmosphere®® (USSA 76), but
the model is so structured that the user can easily replace any
profile with one of his own. In one instance, namely nitric oxide,
the model incorporates two species profiles with the choice between
them left to the user,

Since many of the past, present, and planned experiments and many
possible surveillance systems involve a limb-viewing geometry, the
current issued version of AARC {s set up to calculate the spectral
radiance for a limb view, The altitude, latitude, and longitude of
the observer are sprcified, as well as the azimuth and nadir angle of
the line-of-sight (LOS). Zenith-viewing geometry is available in
working codes used to analyze the FWI field data and will be incorpo-
rated in the next version of the code issued,

The auroral electrons are assumed to impinge on the earth's atmos-
phere in & discrete arc, with uniform dosing within the arc and no
dosing outslde the arc. The case of the isolated, discrete arc is the
most important because it is the case where the largest enhancements
of infrared emissions above quiescent thermospheric backgrounds are
observed, At the present time, the geometry assumed for the arc
boundaries ls extremely simple; the boundaries are along lines of
constant geographic or geomagnetic coordinates (latitude and longi-

tude, or magnetic latitude and magnetic local time, respectively).

30, U.8, Standard Atmosphere, 1976, NOAA-S/T 76-1562. National
Oceanic and Atmospheric Administration, Washington, D.C.
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Energy deposition ig treated by the simple, yet surprisingly
accurate, semiempirical range model of Rees and Grin®l:3? gtarting
from a specification of the primary electron spectral flux density at
the top of the atmosphere. AARC also includes three precalculated and

stored energy deposition profiles corresponding to typical IBC class

II, III, and 1II* auroras. Following energy deposition, the energy
degradation of the prinary electrons, resulting in the production of
secondary electrons, is calculated by AARC, This is necessary since
secondary electrons arec a very important source of molecular nitrogen
in vibrationally excited states [N,(v)]), and the N,(v) controls the
4.,3-pym radiance from CO, by transferring its vibrational excitation to
ground-state CO,.

In adéition to electron precipitation, other phenomena occur
during geomagnetically disturbed times whose effect on the infrared
radiative properties should be considered, Elsctron precipitatlon is
accompanied by proton and other positive-ion precipitation. However,
since the protons can diffuse away from a field line due to their
participation in charge.exchange reactions, the protnn precipitation
tends to be diffuse and not associated with discrete bright arcs where
the major infrared enhancements occur. Hence, AARC neglects proton

precipitation, Of more interest i{s Joule heating of the auroral

31. Rees, M.H. (1964) Auroral ionization and excitation by incident
energetic elactrons, Planet. Space Sci. 11l: 1209-18,

32, Grdn, A.E. (1957) Luminescenz-photometrische Massungen der
Energleabsorption im Strahlungsfeld von Elektronenquellen
Eindimensionaler Fall im Luft, Z, Naturforsch. 112a: 89-95.
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thermosphere due to perpendicular electric fields, which accelerate

electrons and ions.®® The resulting Pedersen currvents heat the
neutral atmosphere through collisions. Column-integrated Joule
heating rates can equal heating rates due to particle precipitation
during geomagnetically disturbed times. Thus Joule heating can modify
all kinetic temperatures appreciably, alter excited-level populations,
and result in increased infrared emissions. Nevertheless, there 1s no
provision for Joule heating in the current version of the model.

The chemistry, photon emission, and radiative transfer that follow
electron dosing have been handled in two different ways, depending on
the radiating species, The radiating specles included in AARC fall
into two distinet groups, The first group (group A) consists of NO
Av=l and Av=2 and NO* Avel, These are specles that have the following
two characteristics: (1) Their chemiluminescent emission is prompt,
since the time constant for the chemistry, collisional relaxation, and
photon emisaion following energy deposition is short, say a second or

less. (2) The radiation in the molecular lines is opticaliy thin,

This means that one can sum local volume emission rates to obtain
total path radiance without regard for radiative transfer effects,

As a result of these characteristics of the radiating specles, the
following simplifications are possible, (1) The electron-deposition-
induced chemistry that produces the radiating excited states is

treated by a steady-state photochemical model involving ten ienlc and

33. Rees, M,H. (1975) Magnetospheric substorm energy dissipation in
the atmosphere, Planet, Space Sci, 23: 1589-1596,

12




metastable species. The vibrational relaxailon of these states by
collinions and radiation is also handled in a steady-state approxima-
tion, In the present version of AARC, the productlon and relaxation
modals are not issued as part of the code, but the results of the
calculation are incorporated into tables of efficiencies for emission
on a particular vibrational band of a radiating species -- for exam-
ple, the v'=5 + v"«3 NO ovevtone transition -- as a function of alti-
tuda, (2) No radiative transfer calculation need bs done to obtain
the total path radiance, and AARC simply obtains the total band radi-
ance by adding tha local emission rates, weighted by the local slement
of path length. For these radiators the band radiance is apportioned
over lines in accordance with an effective band radiance temperature,
which is calculated in the model along with the band radiance,

The second group of radiators (group B) currently consists of the
most important radiating states of che CO, v, mods, including isotopic
and hot bands. The radiation from these states has the following
distinguiqhing characteristics: (1) In contrast to the states of
group A, the radiation from the states of group B is delayed. The
main auroral process contributing to the CO; v, radiance is excitation
of N, vibration by secondary auroral electrons, followed by energy
transfer from N; vibration to CO,., Due to the long Np(v) - CO, tran-
sfer time, which can be many minutes in the altitude range of inter-
est, tha 4.3-um CO, vibraluminescent emission does not follow the
dosing, but lags behind it. The conssquence is that a time-dependent

calculation of the CO, vibrationally excited-state population result-
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ing from thermospheric dosing must be carried out. (2) Many of the

lines radiated by the group-B statea are optically thick. Thus calcu-

lation of the CO, radiance seen by an observer requires inclusion of
the effect of radiation transport, This is done in AARC by a line-by-
line radiation transport computation using a modification of the NLTE

cods, developad originally for the case of a quiescent, spherically

symmetric atmosphere,2®:3*

Transport ol electrons and neutrals outside of the region whera
they are deposited or produced results from neutral winds, electric
fields, and turbulent and molecular diffusion processes. Such trans-
port is ignorad in the AARC model.

The standard output of the model for both group A and group B
radiators consists of (a) band radiances, (b) line radiances, and (c)
radlance spectra, For both groups, the model makes use of a file of
line positions and strengths slightly modified from the format of the

AFGL Atmospheric Absorption Line Parametars Compilation, otherwise

known as the HITRAN data base.?*"3’ For the group-B radiators, in

34, Wintersteiner, P,P., and Sharma, R.D. (1985) Update of an Effi-
clent Computer Code (NLTE) to Calculate Emission and Trans-
mission of Radiation Through Non-Equllibrium Atmospheres,
AFGL-TR-85-0240, AD Al172556,

35. Rothman, L.S., Gamache, R.R,, Barbe, A., Goldman, A., Gillis,
J.R.,, Brown, L.R., Toth, R,A., Flaud, J,-M., and Camy-Payret,
C. (1983) AFGL atmospheric absorption line parameters
compilation: 1982 edition, Appl. Opt. 22: 2247.

36. Rothman, L.S., Goldman, A., Gillis, J.R., Gauache, R.R.,
Pickett, H.M., Poynter, R.L., Husson, N., and Chedin, A,
(1982) AFGL trace gas compilation: 1982 version, Appl. Opt.
22: 1616-627.
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addition to the integrated individual line radiances, the spectral
profiles for individual lines are also calculated in the course of
running the model, but no provision is made for examining them. It is
assumed that the user has a spectrometer of only moderate resolution
«- with a response function width of, say, > 0.1 em™ -. so that the

much narrower molscular lines, which have Doppler widths of only

107 . 10™ cm'!, are, to all appearances, monochromatic radiators. A
cholce of spectrometer response functions is provided within the model
to use in computing the radiance spectrum. In calculating the
instrument-broadened spectra, the widths of the atmospheric lines are
ignored, and their lineshapes are considered to be Dirac delta
functions, or unit impulses, in wavenumber.

In the current issue of AARC, there is no provision internally for
radiometer output. However, the user interested in simulating a radi-
ometer observation need only provide his own routine for reading the
line-radiance file and computing the sum, weighted by the spectral

response function of his radiometer.

1.2 8tructure of Code
The actual code for AARC, a block diagram for which is shown in
Figure 2, consists of three main program modules. Module DAARC is a

driver which sets up the depoaition and observation conditions and

37. Rothman, L.S., Gamache, R.R., Goldman, A., Brown, L.R., Toth,
R.A., Pickett, H.M., Poynter, R.L., Flaund, J.-M., Camy-
Payret, C., Barke, A,, Husson, N., Ringsland, C.P., and Smith,
M.A.H, (1987) The HITRAN database: 1986 editfion, Appl. Opt.
26: 4058-4097,
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Flgure 2. Flow Chart for the Aureral Atmospheric Radliance Code.
Rectangular boxss anclose eXscutable Yrogram modeules
ovals enclose input data files; parallelograms enclose
intermediate output that is input to other segments;
hexagons enclose final output.
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calculates the band and line radiances for the group-A radiators.
Module CO2 calculates the corrcsponding quantities for ‘the group-B
radiators. Finally, module CONV convolves the lina radiances with a
spactrometer response function and calculates the radiance spectrum.
A fourth machine-specific mcdule, AURGRAF, is also available to plot
the resulting spectrum using modified CALCOMP library routinas on
AFGL's CYBER 180-860, or any other computer where they are avallable.
Alternatively, any other available plotting package may be used.

Program DAARC contains a menu-driving routine that asks the user
if he wishes to change the conditlous of the calculation and allows
him to input new values of the most commonly changed parameters,
These values are stored in a file called DEFLTS, which provides
default values of parametera for the next run and is automatically
updated when any changes are made, These parameters include location
of observer and orlentation of LOS, electren flux spectrum at the top
of the atmosphere, boundaries of dosed region, duration of dosing and
time after start of dosing when observation is made, spectrometer
lineshape, range over which spectrum is to be computed, and spacing of
epectral points. 1In addition, DAARC communicates with two other input
files: ALLDAT contains the model atmosphere and other tabular data,
while LINE25 containg the tables of spectral line positions and tran-
sition probabilities for NO and NO'.

The calculation of radiance from group-B radlators, specifically
GO, vy, is carried out in module CO2. Module CO, reads line positions

and strengths from file 1C02 and the model atmosphere from ALLDAT.

17




¥ -

Both DAARC and €02 write band radiance information on file BNDRAD and
line radlances on file LNSPEC. All output files, including ENDLRAD and
LNSPEC, include a header of about 100 lines containing the conditions
and parameter values for the computation.

If the user desires to obtaln the spectral radiance seen by an
observer, ha may then run module CONV, which reads the line radiances
on LNSPEC convolves them with the chosen spectrometer response furnc-
tion, and writes the output spectra on file SPECT, File SPECT is
available for input to another user-supplied program, such as a plot-
ting routine, If the AFGL plotting calls are available, the user may
use the program AURGRAF, which is supplied as part of the AARC code,
to do the plotting. AURGRAF is supplied with a menu driver patterned
after the one in DAARC. Also like DAARC, the default values of axis
lengths and the plotting ranges, on both the wavenumber and spectral-
radiance axes, are taken from a file, in this case the file DEFPLTS,
DEFPLTS is updated using any changes to these values and saved for the

next run.

1.3 Outline

In the following sections we develop the sclentific foundations of
the AARC model and describe the structure and use of the code in more
detail, Saction ? describes the model, starting with a brief discus-
sion of the model atmosphere in Section 2.1, The Jeposition of energy
in the thermosphere by pracipitating electrons is discussed {n Section

2.2 and secondary-electron prodiction in Section 2.3. The photocher.

18
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istry following energy deposition is presented in Section 2.4, and s
collisional energy-transfer processes are discussed in Section 2.5.
Sections 2.6 and 2.7 deal with geometry, the first with the geometry
of the auroral arc and the sacond with that of the LOS. Finally,
Section 2.8 deals with the generation cf synthetic spectra.

The structure and usags of the AARC code is presented in Ssction ,
3, and some examples of its application ate given in Section 4, |
Several appendixes present a description of each of the program sub-

routines, as well as sample input and output files.

2. THE AARC MODEL

2.1 Model Atmosphere

A simple model atmosphere is provided internally within the AARC
model. The atmospheric density p (gm/cm®), mean molecular mass m
(am1), neutral temperature T, (K), and number densities of neutral
specles required by the program are read in as functions of altitude z
from a data file., Data read include profiles for the densities of the
neutral species N;, O;, and 0. The altitude range of the data is 30
to 300 k. The mixing ratios of CO, are also supplied between 90 and
140 km. The limb radiance from CO, is negligible above this altitude
with sensors of typical sensitivity. 1In all cases but one, discussed
further below, the profiles are fixed, and no choice is allowed. How-

ever, tha file iz clearly structured so that tha user may easily

19




replace a profile by one of his own,
The atmoapheric density p, mean molecular mass m, neutral tempera-

ture T,, and number densities of N,, 0;, and O above 86 km are all

taken directly from the 1976 U.S, Standard Atmospherae.3® Below 86 km,
the number densities of N, and 0, are calculated from o and M, assum-
ing a uniform volume mixing ratio of 0.78084 and 0.209476, vespactive-
ly, for N, and 0,. The nighttime atomic oxygen concentration profile
below 86 km decreases rapidly to zero, consistent with photochemi.cal
models., Profiles of temperature, mass density, and concsntration of
major species ars shown in Figure 3,

Measurements of atomic-oxygen concentration above 80 km have indi-
cated that the density is highly variable. A summary of recent meas-
urements has been given by Offermann et al.’® Some of the variability
is thought to be real, the atomic oxygen density appearing to depend
on time of day, season, and dynamics.’® Infrared airglow emissions
from the quiescent thermosphere above 110 km altitude, notably the
5.3-uym 1-0 band of NO and the 15-um v, band of CO,, depend strongly on
atomic-oxygan density. This is because of its dominant role in collil-
sional excitation and quenching, Nevertheless, studies have shown

that many auroral emissions -- for example, aurorally produced NO

vibration?® resulting from the N(?D) + 0, reaction -- are not very

38. Offermann, D,, Friedrich, V., Ross, P., and Von Zahn, U, (1581)
Neutral gas composition measurements between 80 and 120 km,
Planet. Space Sci., 24: 747,

39, Sharp, W.E, (1985) Upper limits to [0] in the lowsr thermo-
sphere from airglow, Planet. Space Sci. 33: 571.
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Figure 3a, Temperature Profile Supplied in ALLDAT for AARC,

sanaitive to the O density. (See Section 2.4.2 and Figurae 9a.)

Because NO i{s produced in the aurorally dosed atmosphere by the

N(’D) + 0, reaction and it is a long-lived species, NO densities can

reach quite large values at high latitudes during periods of auroral
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Figure 3b. Density Profile (g/cm™) Supplied in ALLDAT for AARC,

activity, Consequently, there is great variability observed in the NO
density, and there can esasily be an order-of-magnitude variation in

the NO density observed in the auroral zone, For this reason, two NO

profiles?’ are provided in the model, a medirn profile appropriate to
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Figure 3c. Density (cm™®) of Major Consituents in AARC. Note
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a quiescent atmosphere and a higher profile appropriate to an atmos-

phere that has bheen subjected to a period of strong auroral predosing.

These profiles are shown in Figure 4.
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The temperaturs T, of the ambient thermal electrons and the ion
temperature T, are assumed to be equal to T, in this version of the
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coda; the modul doos not solve the electron and lon energy equations,
«r' heating by precip.t.ting particles or Joule heating is not consid-

eves:. (3ee almo the discusslion in Section 1.1.)

2.2 Energy Deposition by Primary Auroral Electrons

2.2,1 OVERVIEW OF ENERGY-DEPOSITION CALCULATION METHODS

The problem of caleculating the transport of energetic electrons in
matter has received a great deal of attention for many years, Early
work includes that of Bethe and co-workers,'?:*! Lewis,*? and
Spencer,'? Chamberlain'* surveyed early work on atmospheric energy
deposition by kilovolt auroral electrons, The various approaches used

can be categorized as semi-empirical, range-theoretic, Monte-Carlo,

and transport-theoretic.*3

The range-theorstic formulations most often use Bethe's formula

40, Bethe, H. (1930) Zur Theorie des Durchgangs schrieller
Korpuskularstrahlen durch Materie, Ann. FPhys. (Leipziéz 15:

325-400.

41, Bethe, H., and Heitler, W. (1934) On the stopping of fast
particles and on the creation of positive electrons, Proc.
Roy. Soc., (London) Al46: 83-112,

42, Lewis, H.W, (1950) Multiple scattering in an infinite medium,
Phys. Rev, 178: 526-9,

43, Spencer, L.V, (1955) Theory of electron penetration, Phys., Rev,
198: 1597-1615,

44, Chamberlain, J.W, (1961) Physics of the Aurora and Airglow,
Academic Press, New York, pp. 284-92,

45, Jasperse, J.R., and Strickland, D.J. (1981) Approximate Analytic

Solutions for the Primary Auroral Electron Flux and Related
Quantities, AFGL-TR-81-0069, ADA102905.
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49,48

for the stoupjing power and express the continuous electron energy

loss in terms of a logs function,*’:** Monte-Carlo calculationg®-3!
have been used to calculate altitude profiles of energy deposition,
back-scattering coefficlents, and energy spectra for energetic elec-
trona in the atmosphere.

Transport models are potentially more versatile and accurate and

have received considerable attention in recent years. Walt et a1
solved the Fokker-Planck equation to obtain energy-deposition profiles
and pitch-angle distributions for auroral alectrons within the con-

straints of small-angle gcattering and the continuous-energy-loss ap-

46, Bethe, H. (1933) "Quantenmechanik der Ein. und Zwei-
Elektronenprobleme," Chapter 3 of Handbuch der Physik, Vol.
24/1, H, Geiger and K. Scheel, Editors, Springer-Verlag,
Berlin, pp. 273-560.

47, Green, A.E.S., and Barth, C.A, (1965) Calculations of ultra-
violet molecular nitrogen emissions from the aurora, J,
Geophys. Res. 170:1083-92,

48, Peterson, L.R., Sawada, T., Bass, J.N., and Green, A,E.S, (1973)
Electron energy deposition in a gaseous mixture, Comp. Phys,
Commun, 15: 239-62,

49, Maeda, K. (1965) Diffusion of low-energy auroral slectrons in
the atmosphere, J. Atm. Terr, Phys. 127: 259,

50. Berger, M.J., Seltzer, S.M., and Maeda, K. (1970) Energy
deposition by auroral electrons in the atmosphere, J, Atm.
Terr, Phys., 132: 1015-45.

51, Berger, M.J., Seltzer, S.M., and Maeda, K. (1974) Some new
results on elactron transport in the atmosphere, J, Atm, Terr,
Phys. 136: 591-617.

52. Walt, M., MacDonald, W.M., and Francis, W.E. (1967) "Penetration
of auroral electrons into the atmosphere," in Physics of the
Magnetosphere, R.L. Curovillano, J.F. McClay, and H.R.

Radoski, Editors. D. Reidel Publishing Company, Dordrecht,
Netherlands, p. 354,
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proximation. Banks et al?® combined the Fokker-Planck method for

electron energies greater than 0.5 keV with an approximate two-stream

appronch for low energy electrona dus to Banks and Nagy®* capable of
accounting for discrets energy loss., Numerical treatments of auroral

elactron transport using the lineari:ad Boltzmann equation have been

proposed and elaborated by Strickland et al.3® and by Stamnes, %5’

The latter treatments are not rastricted to near-forward scattering
and allow for discrete energy loss. An analytic solution to the
linear auroral-electron transport equation was carried out by Jasperse
and Strickland,*® assuming small-angle scattering, an average-dis-
crets-energy-loss approximation, and a pseudoparticle scattering

approach,

53, Banks, P,M., Chappell, C.R., and Nagy, A.F, (1974) A new model
for the interaction of auroral electrons with the atmosphere:
Spectral degradation, backscatter, optical emission, and
ionization, J. Geophys. Res, 179: 14539-70,

54, Banks, P.M,, and Nagy, A.F. (1970) Concerning the influence of
elastic scattering upon photoelectron transport and escape, J,
Geophys, Res. 175: 1902,

55, Strickland, D.J., Book, D,L., Coffey, T.P., and Fadder, J.A,
(1976) Transport equation tachniques for the deposition of
auroral electrons, J. Geophys., Kes. 181: 2755-64,

56, Stamnes, K, (1980) Analytic approach to auroral slectron-
transport and energy degradation, Planat, Space Sci. 28:427-

“41 .

57, Stamnes, K. (1981) On the two-stveam approach to electron
transport and thermalization, J. Geophys. Res. 86:2405-2410,
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2.2.2 ENERGY DEPOSITION IN AARC
One of the carliest, simplest, and most fruitful approaches to the

auroral-slectron energy-deposition problem has been the semi-empirical

approach pionsered by Rees.’! Rees’'s model is used in AARC to de-
scribe electron snergy deposition. It has also been used in a number

of other codes predicting aurorsl emissions from atomic and molecular

alectronic transitions!® and infrared vibrational transitions,3!
Rees’s approach is based on luminescence measurements of enargy

deposition from a point source of collimated electrons in laboratory
air by Griin,3 For primary electron energles E, from 5 to 54 keV and

for a monodirectional incident flux, Griin obtained three-dimensional

energy deposition profiles, as well as the stopping power, or rate of

elestron energy losa (eV cm?/gm electron)

a(z, ) = - T (2-1)

Here a is expressed as a function of Z, the integrated column mass

density (gm/cm?)

2(z) -fdz' p(z) f5 (2-2)
]

where z is the altitude, p is the mass density, and ds is the element
of elactron path length. Later Griin’s results were refined and ex-

tended down to 2 keV by Cohn and Caledonia,’ who found very good

——-

58. Cohn, A., snd Caledonia, G. (1970) Spatial distuibution of the
fluorescent radiation emiasion caused by an electron beam, J,

Appl. Phys. 141: 3767-75.
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agreament with the earlisr work.
Grin discovered that the energy-loss profile had very deflinite

scaling properties and could be rapresented in terms of a universal

energy-dissipation funcetion A(X) through the relation

a(z, E) = %! ME) - (2-3)

Here E, (keV) is the initial primary electron energy, R is Bethe's

electron range’® (gm/cm?), defined by

R(E,) -r A (2-4)
0 ‘o

and the integral of A is normalized to unity,

J’ X AX) =1, (2-5)

since a(Z, E,) integrates to E;. The range can be assumed to follow a

powev-law distribution as a function of E,
R=CE", (2-6)

where C and n are empirically determined constants, Grin found that
the values
n=175 |,
(2-7)
C w 4.57 x 10°® gm/em?-kevi?? |

provided the best fit to the data. Equations (2-6) and (2-7) follow

from application of the first Born approximation to Bethe’s relativis-
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tic stopping-power formula,*® according to which dE/ds is proportional
to InE/E. 1f we approximate InE by EY? to EV* over a limited range
of E, then dE/ds varies as E%/3 to E¥*, The value of R is then
obtainad from Eq. (2-4), which ylelds R ~ E3® to E'/*, in agreement
with Griin's result, Eq. (2-6). While Grin presented A(X) as a numeri-
cally dafined function, Lazarev'® attempted to derive an analytie

expression for it, The expression he obtained agrees very well with

Grin's data for X s 1.2,

Rees used Griin’s expression between 0.4 and 300 keV, thus extend-
ing beyond the region cver which Griin, and Cohn and Caledonia had vali-
dated it at both the high-energy and the low-energy ecnds of the range,
Barrett and Hays®® have examined the range-energy relation for elec-
trons of eriergy down to 300 eV by N,+ 0-0 band emission photometry and
have found significant deviations from the Rees extrapolation. They

propose a three-term rangs-erergy relation,
R =€+ ClLy2 « CEy® (2-8)

and find, with R in gn/em? and E; in keV, that

39, Lazarev, V.I. (1967) Absorption of the energy of an electron
beam in the upper atmosphers, Geomag. .\eron., 17: 219-23.

60. Barrett, J. L., and Hays, P,B, (1976) Spatial distribution of
energy deposited in nitrogen by electrons, J. Chem. Phys, 164:
743-50,
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C, =~ 4.30 x 1077 ,
C, = 5.20 x 10°® , n, = 1.67 (2-9)

C, ~ 3.82 x 107 n, = -0.7 .,

For energies = 1 keV, the first and third terms become negligible, and
the expression agrees approximately with the Griin-Rees formula.

We have calculated energy deposition using the Barrett-Hays range-
energy relation, Eq. (2-8), in place of Eq. (2-6). However, the low-
enexrgy electrons of energies < 1 keV are deposited at such higl. alti-
tudes (+ 200 km) that they have negligible effect on the most impor-
tant infrared auroral emissions, which are confined to altitudes
z 5 160 km, Consequently, AARC uses the original Griin range-energy
relation [Eqs. (2-6) and (2-7)] ttroughout.

Rees integrated Grin’s three-dimensional isophotes, or energy-
deposition contours, over pitch angle for a monodirectional incident
beam, assuming three different electron pitch-angle distributions, and
used the results to define normalized energy-dissipation functions
A(Z/R) for these distributions.

Letting the electron specific intensity (electrons/em” sec sr) be
I, we have

A1(Ey, ) &P dF(Ey) ‘
dEO -y ™ do aﬁ; - an ’7(“0) ' (*-10)

whern p, = cosd,, 6, is the pitch angle of the electron velocity
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vector v relative to the magnetic field intensity B (assumed verti-
cal), P is the total flux (elec~rons/sec), dA is an element of area
perpendicular to the velocity vectox, dE, is the element of initial
particle snergy, and dO is the el;ment of solid angle. The slactron
spectral number flux density (electrons/cm? sec keV) is dF/dE,, and

the pitch-angle distribution is denoted by u(no). vwhich 18 normalized

80 that {ts integral over the downward hemisphere is unity,

JAdﬂo n(u) =1 .
0

Rees's three asgsumed pitch-angle distributions can then be written:®!

(a) Isotropic
nu) = € (0° s 6, < 90°) (2-11)
(b) Inverse cosine (0° - 80°)

nuy) = G/u, (9% < 8, < 80°)
(2-12a)
-0 (4, > 80°) ,

61. Note, however, that Rees®! calls distributions (b) and (c)
"i{sotropic" while calling distribution (a) "cosine-depend-
ent," as pointed out by Berger et al (1970).%% Apparently,
Rees defined isotropy, not as constant electron specific
intensity ¢, but rather as constant angular flux & cosd,.

The angular flux falls in proportion to the projected area dA
cos(f,) as §, increases, and consequently the source intensi-
ty must be increased with increased pitch angle to keep the
angular flux constant. For casc (b), the source,intensity

increases by a factor of 6 between pitch angles of 0° and
80°,
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(¢) Inverse cosine (0° - 70°)

niug) = C/n, (0 5 85 s 70°)
(2-12b)
-0 (8, >70")

In these relations C is a normalization constant.

In AARC we use the energy-dissipation function corresponding to an

inverse-cosine (0° - 80°) pitch-angle distribution; this function is

plotted in Figure 5. Note that the portion of the curve at negative Z/R,

whose area represents 17 perrent of the total and incorporates the con-

tribution of the backscattered electron flux, has not been drawn be-
cause it does not contribute when using a range-energy relation of the
\ type of Eq. (2-6), except by reducing the energy available for deposi-
tion in the forward hemisphere. The backscattered portion of the
electron flux is also responsible for energy deposltion at the conju-

gate point, which 1ls {gaored in the current model.

The erergy deposition rate (energy/cm® sec) is given by

dF[Eg(R) ]
W(z) - dE, (R v Bg(R)] -13
(z) p(Z)J: o(R) a5 alz, E5(R)] (2-13)

] where p(z) is the atmospheric mass density (gm/cm®) and Ej(R) is the
j ) inverse of Eq. (2-4) or (2-6). Production of an lon pailr by electrons
of energy greater than a few hundred eV stopped in matter requires a

constant specific energy AE, = 0,035 keV, nearly independent of the
energy of the primary electrons®® and the composition of the

62, Valentine, J.M., and Curran, §.C. (1958) Average energy expendi-
tura per ion pair in gases and gas mixtures, Rep. Progr. Phys.

21: 1,
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Figure 5. Energy-Dissipation Function Used in AARC,

materiul.®? Using Eqs, (2-3) and (2-13), the ilon-pailr production rate

(ion palrs/cm® sec) may be written

63, Dalgarno, A. (1960) Range and energy loss, in Atomic and Molec-

ular Processes, D.R. Bates, Editor. Academic Press, New York,
pp. 622-42,
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The relation between this expression and that of Rees is discussed

in Appendix A. Letting

dF(E,) dG(R
___..u.dEo  dE, = S8R g (2-15)

80 that dG/dR ia the electron spectral flux density in range units

(electrons/gm sec), our £i-.l expression for the ion-palr production

rate in

p@) [ 1o dg Ea(R)
) - m—mlod“ & - (&) - (2-16)

2.2,3 ELECTRON FLUX AT THE TOP OF THE ATMOSPHERE

In general, precipitating auroral electron spectra have been found
to be well represented by a sum of three terms: a Gaussian, a Maxwel-
1ian, and a power law.®* However, often simpler expressions are quite
suitable for representing auroral electron fluxes. Within AARC, two
different simpler spectral forms® are used for the alectron spectral
number flux impinging on the atmosphere, a Maxwellian flux dF,/dE, and
a Gaussian flux dF,/dE,. The Maxwellian flux is characteristic of

64, Fontheim, E.G., Stasiewicz, K., Chandler, M.0., Ong, R.S.B.,

Gombosi, E., and Hoffman, R,A, (1982) Statistical study of
precipitating elactrons, J. Geophys. Res. 187: 3469-80,
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continuous or diffuse auroras!® and depends on two parameters, the

total energy flux &, (keV/cm? sec), where

- dF 2-17
LY I:“Eo B, a8 ( )

and a characteristic energy, or hardness, a (keV) corresponding to the

peak value E,, of dFy/dE. The flux can be written

dF" "xnlﬂ
aE; - % EO e y (2'18)

and the mean energy can be written in texms of « as <E> = 2a. The

energy varlance is not a separate parameter and has the form <AE°2> -

<Ed> « <Ep? = 2aP, i
On the other hand, the Caussian flux represents well the more

sharply peaked spectra seen in discrete arcs!® and depends on three |

parameters, the total energy flux &;, the mean energy <E,>, and the

variance <AE,®>. The Gaussian flux can be written

2
gg- -{Eo exp[ (E° » E°) ] . (2-19)

where

£ 'J:dEo E, exp[-[g-"-&—!i!]a] : ﬂ
e (ol F 1[0 o]

2
+ ;’:7-5 axp[ '-,]-‘5] } ) (2-20)
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n = A/E,, and erf(x) is the error function. To lowest order in n, the
mean energy and variance are given simply by <E,> = E, and <AE,®> =

4% the corresponding expression to any order in n can easily be
derived.

Thres snergy-deposition profiles have bsen calculated in advance
and stored as part of AARC for the convenience of the user who does
not wish to specify the parameters of the electron distribution at the
top of the atmosphere. These threse profiles correspond to "typical"
IBC II, IIX, and III* auroras with Maxwellian electron spectra. The
values of the total energy flux &, and characteristic energy a used in

calculating these profiles are listed in Table 1,

Table 1, Electron Spectral Parameters for Standard
Auroral Profiles Included in AARC

IBC o L9
CLASS (keV) (keV/cm?® sec)
I1 2.9 8.052 x 10°
111 5,0 6.242 x 10
111t 10,0 2,497 x 104
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2.3 Secondary Electron Production

2,3.1., INTRODUGCTION.

In the previous section various methods were discussed that calcu-
late the vertical profile of electron deposition valid for keV elec-
trons in the aurora. Empirlcal relations show that in air about 0.035
keV is required for sach ion pair formed from primary electrons of
energy above a few hundred eV, Energy degradation occurs as the prima-
ries (the undisturbed spectrum of electrons before encountering the
atmosphere) are slowed by collisions with the ambient atmosphere. For
the high-energy primaries most of the energy is lost in the production
of fon pairs. The enexgy loat goes into the fonization energy, ion
excitation energy, and the energy of the ejected secondary elactron,
Kinematic considerations limit the kinetic energy imparted to the iom.
As the primary continues to slow doewn, it produces many secondaries,
most of them with too little energy to produce ionization. For this
reason, the production of the first generation of secondaries domi-

nates. A typical 3-keV primary will produce about 86 secondarias

during degradation, The production of the §* state of atmospheric

species i can be calculated as,

lllllx
n,(z) = ;m[n ®(E, z) ,,,(E) dE (2-21)
th

where 2(E, z) 1s the flux of electrons of enargy E at altitude z, 4k

is the cross section for production of species i in state j from

species k (k dossn’t have to bs the same as 1; for example, production

k1

s
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of N(*D) from N,).

As Eq., (2-21) indicates, the excitation rates produced by the sec-
ondary electron flux can be calculated once both accurate cross sec-
tions and an efficisnt method of calculating the flux of secondaries
are given, The cross sections in many cases (for N, and 0, especial-
ly) can be measured in the laboratory with varying degrees of accura-
c&. Cross sections for electron impact on atumic oxygen canmot be
measured as easily, and often are obtained from theory. Fortunately,
accurate theory is easier to apply to atoms than molecules. It should
be kept in mind that the accuracy of the cross sections®® ultimately
affects the possible accuracy of the results, regardless of how well
(and with how much effort) ®(E, z) is calculated,

Rigorously, the calculation of the flux ®(E, z) should ba obtained
from the distribution function £(E, z) for electrons of all energles
as a function of altitude z. The distribution function £(E, z) is the
solution to the Boltzmann equation. The solution of the Boltzmann
equation is notoriously difficult and involves many uncertain colli-
sion terms (differential cross sections and electron loss cross ssc-
tions) and many approximations relating to them. The total electron
distribution function in the aurora has never been calculated by this
method, although the distribution function for photoelectrons has been
obtained in a lengthy calculation®®, This calculation did show,
howsver, that many of the more approximate calculations seem to be

65. Wadzinski, H.T. and Jasperse, J.R. (1982) Low Energy Electron
and Photon Cross Sections for O, N,, and 0,, aud Related Data,
AFGL-TR-82-0008, AD All1l892l,
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surprisingly accurate at altitudes below about 135 km, the region

where Infrared active species are more prevalent,

Simpler transport schemes that also calculate the deposition

profile®® obtain the flux of hot electrons. They make a two fluid
f approximation: thay calculate the hot component of the slectron gas
| consisting of primaries, degraded primaries, and all orders of secon-
daries down to a low snergy cut-off, The deposition causes ionization
and chemical reactions which establish a population of ambient elec-
trons. Tha temperature of the amhient elactrons can be calculated
assuming they are heated by collisions with the hot component (which
is a large cooling term for the low energy portion of the hot compo-
nent) and cooled by collision with neutrals, especially rotational
excitation and fine structura excitation of 0, In this approximation
the hot alectrons lose energy to neutrals and the ambient electrons,
but are not allowed to gain energy from the amblent alectrons (or from
superalastic collisions with excited gtate species). This approxima-
tion becomes increasingly inaccurate at low energies where the flux of
the thermal tall of the amblent electrons becomes comparable to tha
flux of secondaries This cut-off energy generally occurs below one
eV, depending upon n, and T,. e
Most previous applications of the transporr equation method used a
cutoff at a few eV, This choice was reasonable since most easily

obsexved optical emissions huve thresholda greater than a few eV, It

66, Jal;:rle. J. R. (1976) Boltzmann-Fokker-Planck model for the
slectron distribution function in the earth's irnospheve,
Planetary Space Sci, 24: 33,
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was also fortunate since the cross sections for vibrational sxcitation
of 0, and rotational excitation of N, and O, are somewhat uncertain,
Tha uncertain cross sections below one or two eV and the increasingly
inaccurate calculation of ®(E, z) might seem to be large obstacles to
calculating accurate auroral sxcitation of infrared processes that
have excitation energies of less than one eV. However, infrared-
sctive species are minor or trace constituents, and their excited
states are predominantly produced by chemiluminescent or energy trans-
far processes that are initlated by impact of electrons of energy
greater than 2 eV with the major constituents, The details of these
mechanisms will be discussed in Sections 2.4 and 2.5,

Jagporse and Strickland's calculatlions have shown that the produc-
tion of mecondary electrcns of energy below about 40 eV 1s local, if
one is considering distances of the order of a kilometer, Jasperse
has shown® that for photoelectrons, the Boltzmann equation solution
does not significantly differ from the simple solution obtained by the
continuous-slowing-down (CSD) technique above a faw eV cutoff, This
somevhat surprising result convinced us to use the CSD technique since
it is ruch ocasier to calculate.

2.3.2 CONTINUOUS-BLOWING-DOWN METHOD

In the CSD technique the electron flux is simply calculated by
satting the production of sacondariss equal to the loss. The loss is

calculated using the loss function, which is proportional to energy

g?T_HJauparun. J.R., (1977) Electron distribution function and ion
concentrations in the Earth'as lower ionosphere from Boltzmenn-
Fokker-Planck theory, Planet. Space Sci., 28:743,
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loss per urit distance. The continuocus-energy-loss approximation as-
sumes that the energy loss per unit distance is a continuous func.iom,
dB/dx, This assumption is not rigorous since electrons lose energy

in discrete amounts as they interact with the neutral gas. When tha
snergy loos becomes a sizable fraction of the electron’s energy, which
is more likely at low energies, the continuous-energy-loss approxima-
tion is more suspect. The loas function L(E) is relatsd to the stop-

ping power per unit mass

L(E) = - ﬁgﬁ . (2-22)

where N is the denuity of the stopping atmosphere. The loss function

is comprised of two distinct parts. One comes from the excitation of

discreto states

LB = - & [g%)‘ - §; 21: £, By, a,,(E) , (2-23)

where the sum is over species j (fraction £,) and states 1, and E,, is

the energy loat (excitation energy of state i) in the collision with
an electron of energy E. A contribution from continuum states is also

important,

- -} (),

(I’-!“)Ia
) f,_f E- 0,,(E, W) d& ., (2-24)
4.9 LYY

In this equation, E' is the energy lost, which includes the ensrgy of
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ionization in addition to excitation of discrete states of ths ion
produced and kinetic energy of any molecular fragments (dissociative

fonigation), che‘primnry energy is E,, I,; is the ionization potential

producing the {*® state of the lon from the neutral parent j, o,,(E,

W) is tho cross section at slectron energy E with W= I,, + E,, and

E,, 1is the threshold energy for producing state i1j. At low snargles
(a few oV, dependent upon the fractional fonization) a third loss term
bescomes very important. This term ariscs from energy loss by Coulomb
collisions with the ambient electron gas. We use the same formula

used by Patersen st al.,'’ which was taken from Swartz et al.,®

E - F
L(E)Qhﬂ - JE-“:.;‘;;%%:—[ !:“5"6:';5‘!: ’ (2-25)

vhers E, [eV] = B.618 x 10°°T, is the averags snergy of ambient elsc-
trons with temperaturs T,, E, is the energy of ths secondary electron,
and N, is the electron density.

The energy dependence of the secondaries produced in the ioniza-
tion of N, and 0, has been measured in the laboratory by Opal and co-
workera®®, It is remarkably independent of the primary energy E, for
energias Eb > 500eV., The differential cross section, o, for produc-

tion of secondaries of ensrgy E, from primaries of energy E, fits the

68. Swartz, W.E., Nisbet, J.5., and Graen, A.E.S, (1971) J, Geophys.
Res. 76:3425,

69. Opal, C.B., Peterson, W.K., and Beaty, E.C, (1971) Measurements
of secondary-electron spectra produced by slectron impact fon-
ization of a number of simple gases, J. Chem. Phys. 53:4100-
4106,
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expression
o(E,, E) = £(E,) o(E,) ,

B) m el 2-26
£(E,) TRTR (2-26)

vhere E, ls a parameter on the order of the ionization threshold ener-

gy (for N;, E, = 14.0 whila E,, = 15.6 eV; for 0,, E, = 18,0 while
Eyp = 12.1 eV), and £(E,) is the shape function (eV'Y), Although the
shape of the sacondary spectrum was a weak function of E. the bast
values of E, varied by 10 - 20 percent for various E;. We have used
the values for E, = 1000 eV, The error in this approximation is

larger than the error from replacing the value of the exponent in Eq.
(2-26). 2.1, wich 2,0, This expression is then integrable. Integra-
tion of the differential cromss sention in Eq. (2-26) over all energies

of secondaries must yield the total lonization cross asection o(E,),

(E,~1)/3
J' o(E, E,)d8 = a(E) . (2-27)
0

Thus one obtains

| KESTI2 -1
C - [ et dE,
0 1l + (E./El)

w E nrccnn[Ep- I] 2-28
L TE ) ( )

for the constant in Eq. (2-26). The upper limit of the intogral is

(EP-I)/Z sinve the secondary electron is defined to he the lower-enar-

gy electron produced in the ionization. (The higher-energy electron
is the degraded primary.) The differential production rate of secon-

daries can then bs written as a sum of terms arising from the loniza-
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tion of N,, 0,, and 0. Letting n(M’) represent the production rate of
M', we have
n(E,) = £y (B) [n(N") + ()] + £ () [1.5 n(0,") ]
+ £,(E)[n(0") - 0.5 n(0,")] (em™ &7 eV (2-29)
Again, we mention that we choose E = 1000 eV, The shape function is

quite insensitive to tha choice of E,, but we use the value that cor-

responds to the chogen E,.
There are no measurements of the energy dependencs of the secon-

dary-electron production for 0 that could yield a fi: similar to Eq.

(2-28). We follow Rees et al’® using the assumption of small momentum
transfer in lonizing collisions., The use of the Bethe-Born approxima-

tion gives
NE)
fO(EI) - E-(E.J O‘V(hl' Ep)
1 W W -
-G exp[ - T - 339 exp(- 755 J]

g 0.5 4 (E, - WS ]
X lnl: ;,,°'5- TR (av'hy (2-30)

where N(Ep) is a normalization factor equal to 2.71 for 1l-keV prima-

ries, The secondary-electron flux can then be obtalned from

70. Rees, M.H., Stewart, A.I., and Walker, J.C.G. (1969) Secondary
electrons in aurora, glgnet. Space Sci. 17:1997-2008,
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(E -1)/2
£, P n(E)dE N
- - L] B - =
R 77 7 B 77 TG 7 S

(2-31)

where the slectron-electron energy loss torm®? was introduced In Eqs.
(2-22) to (2-25).

This flux is truly the secondary flux, since it contains only the
first generation of secondaries. Examination of the shape functions
indicates that most secondaries produced do not have enough energy to
vroduce further lonization., About 30 parcent of the secondaries
produced have energy above (.035 keV (primaries 1 keV or greater),
which on average could produce another ionlzation., Detailed energy
degradation caleculations indicate that at ..ergles below 100 eV the
nunber of lonizations occurring per 0.035 keV deposited decreases due
to competition from non-.ientzing excitaﬁions (which have cross sec-
tiony that fall off faster at high energies than ionization). Thus
only about 15 percent of the seccndaries can produce further ioniza-
tion, This error is smaller than the piobable errois in the creoss
sections used in the calculation.

The enerygy dependence of the secondary electron flux in the GSD
approximation {Eq. (2-31)) is dominated by the structure in the loss
function. The numerator in Eq. (2-31) 1s a siaooth function, while the
denominator is dominated by the structure in the oxclteticn cross sec-
tion., At energies below ¢ few eV the electron-eulectron term becomes

dominant, The low energy cutoff ls determined when the flux of the
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ambient electron thermal tail, &, (E,) equals the flux of secondaries

Qu(Eo)

B
&, (E) = %?: exp[ 'F'I?—.] Vin

- % 6.878 x 10%! g3 exp[-l.lé x 10° -TE-] , (2-32)
[ ] [ ]

vhere k is Boltzmann's constant and v,, is the thermal electron

velocity corresponding to energy E..

The calculation of excitation rates of the i*! state of the ji'f
species is easily obtained as an integral of the specified cross sec-

tion over the flux

(2,132
q“(z) -j o.,(E)) ®(E,, z) dE, . (2-33)
L
In practice the excitation rate {s calculated at a discrete set of
points corresponding to those at which ti. flux is calculated. This
discretization arises from our choice of using numerical values for
tha energy loes cross sectlons, Although this procedure is computa-

1'7 which usas

tionally less efficlent than that of Petersen et a
simple and analytically integrable fits to the cross sections, it
causes less error. The smooth parvamsterized cross sections cannot
reptresent structured cross sectlions such as the vibrational excitation
of N,.

All excitations can be calculated from sacsandaries and primaries

if the cross sectlons are knuwn. For allowed procosses of lonization,

dissoclation, and diassociative lonization that have large cross sec-
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tions that fall off slowly above E @ 50 eV and have similar shape, a
simplification is possible.’! The cross ssctions of dissociation,
fonization and dissociative lonization are proportional to lenlzation
rate which has been previously determined by the energy deposition
program. The production rate is proportional also to the fractional
population of the parent collision partner and the relative strength

of the cross section well above threshold., For examplas,

')(Nz+) - 0.92 [N3]

q,(2)
XTSI, T F TS5 [0, +0.56 [0] + 0.43 [HeJ] + 0.8 [H] ° (2-34)

where the square brackets indicate densities of the constituents, and

q, is the ionization rate, Since we ars primarily interested in

altitudes below 200 km in our calculations we neglect the terms in-

volving the dengities of He and H,

The production terms for 0,', 0%, and N* are given by terms simi-

lar to that of Eq. (2-34)

q, [0;]

’7(02*‘) TR+ .50 N7+ T.570,] +0.56 T0] (2-35a)
R 0.56 q_ (0] .
LICIRA o & 3 B I (0 BT () MR (2-35b)

71. Rees, M.H. and Jones, R.A, (1973) Time dependent studies of
aurora -II. Spectroscoplc morphology, Planet. Space Sci.
21:1213-1235,
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k)

n(N*) = 0,25 n(N,") . (2-35¢)

These formulas assume that N' is produced only from dissociative ioni-
zation of N, a good approximation since [N;] >> [N]. However, since
(0;] = [0]) the production of 0" has significant contributions from

ionization of O as well as dissociative ionization of 0, [last term in

Eq. (2-35b) 1.

2.4 Photochemistry
2.4,1, INTRODUOGTION

The auroral electron deposition initiates a series of chemical
reactions that can eventually lead to erhanced infrared emission.

Since the infrared emitters in the thermosphere (altitudes above 90

km) are trace species (mixing ratios less than 3x107'), they are
unlikely to absorb a laxge fraction of the energy directly deposited
by the primary and secondary electrona. We have calculated the direct
excitation of CO,(001) and have shown that it contributes unly a small
fraction of the auroral energy that is transferred (always less than
.1 quanta excited per ifon pair produced). Table 2 shows the excita-
tion rate of CO,(001l) for an IBL III aurora. This number is somewhat
uncertain since the threshold is at 0,3 eV and, a:. previously men-
tioned, the calculation of the secondary electron flux is inaccurate
at this low energy. It should be noted that as the dosing increases,

the excitation of CO, per lon pair decreasss due to increased loss of
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low energy secondaries to the increasing number of ambient electrons

that exist in steady-state with the dosing.

Table 2. Secondary Electron Vibrational Excitation for _ H
IBC III Aarora (@, = 100 ergs/cm? sec, ¢ = 5 keV).

Alt NI(V) NI CO, Vy CO,
(lm) quanta/ mole photona/ mixing ratie
fon-pair fraction ion-pair (ppm)

90 1.5 0.78 0.30 320 t

100 9.7 0.78 0.07 290 .
110 8.5 0.78 8.0 x 10" 100
120 7.6 0.73 1.2 x 1078 35
130 7.0 0.69 5.0 x 107" 28

140 6.5 0.64 3.2 x 107 25 1

Since the atmoaphers is mostly N;, 0,, and 0, these molecules ure
ionized or excited (N, and 0, dissociated) by primary and secondary
electrons. If allowed transitions are excited, they can lose the ex-
citation energy by radiation (unless it is optically thick such as OI
1304 A). Metastables are often quenched, giving up the energy by
energy transfer or chemical reaction. N;, 0,, and O excited atates '
radiate many characteristic spactral faatures in the visible and UV,
Many auroral modeling studies have done a reasonable job simulating
these optical emissions,!3:73:7%74 ‘hepq spacies do have some elec-

tronic IR transitions that originate from high-lying states.

72, Vallance-Jones, A, and Gattinger, R.L. (1975) Quantitative ]
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Exothermic chemical rsactions are a much more efﬂdant method of
excitation of minor spesciea. The deposition of auroral electrons
produces ions, dissociation products, and matastable spacies that
iniciate a series of fast exothermic chemical reactions that have the

ability to produce extensive vibrational sxcitation of the products.
The aurora produces NO and NO' in copious quantities, in exothermic

reactions that can populate high vibrational lavels. NO* is the

terminal ion in the E-region and thus every ionization produced tends

to end up as NO' unless recombination occurs first. Thus the NO* pro-
duction rate can be a sizeable fraction of the ionization rate.

Large nighttime enhancements in the NO(Av=l, Av=2) and CO,(v,)
have besn observed in many AFGL field programsd:’:9:73, NO* has been
tentatively identified as a prompt emitter in the 4.3 um region’®7?7,

spsctroscopy of the aurora, III, The spectrum of medium inten-

sity aurora betwean 3100 A and 4700 A, Can. J. Phys, 53:1806-
1813,

73. Vallance-Jones, A, and Gattinger, R.L. (1976) Quantitative spec-
troscopy of the aurora. IV. The spactrum of medium intensity

aurora between 8800 A and 11400 A, Can. J. Phys. 54:2128-2133,

74, Strickland, D.J. (198l) Electron transport, chemistry and
optical emissions in the auroral E-layer, AFGL-TR-81-0042,
AD/A102345

75, Kumer, J.B. (1975) Sumiary analysis of 4.3 um data, in
Atmospheres of Earth and the Planets, B.M. McCormac, Editor,

D. Re{del Publishing Co., Dordrecht, p 347-358,

76, Kumer, J.B. (1979) Multidimensional tiwme dependent structure
and mechanisms for non-LTE €O, infrared emizsions and 4. 3um
aurora, AFGL-TR-79-0224, ADA0B4940, p 78-86.

77. Winick, J.R., Picard, R.H., Sharma, R.D., Joseph, R.A., and
Wintersteiner, P.P. (1987) Radiativa transfer affects on
aurora serhanced 4.3 um emission, Adv. Space Rea. 7:(No. 10).
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AARC uses a simple chemical model to first determine the chemical re-
actions that produce NO and NO' and N;(v) which can trancfer vibra-
tional quanta to CO, vy, In the following sections we will describe
the chemical model and the associated calculations that determine the
emission of infrared photons from NO and NO*. 1In Sec. 2.5.2 we will
describe the time dependent calculation of €0,(001).

We have developed a photochemical equilibrium mode)l that calcu-
lates the densities of the ten species N(’D), N(‘s), N,(’®), N,*, 0,",

0", NO*, N*, 0,*(a'll) and e driven by the precipitating flux. Since
we are concerned with altitudes above 90 km under disturbed conditions
whers the ionization rate is enhanced, we can neglect both the forma-
tion of positive cluster ions and negative ions. This model has been
implimented in a FORTRAN program, AUROR.PCE.CHEM on the Apollo compu-
tur system at AFGL Infrared Technology Division. The densitiss of the
nine species excluding the electrons are easily obtained in a steady-
state approximation,

The continuity equation for each species has the form

dn
75% =0=P(n) - n Li(n) +P (1=1,...,9, (2-36)
where p w (n;, ...., n) is the set of densities of the ten modeled

species, P, 1a the production rate from other speciss i{n the set,

L, is the loss frequency, and P,, is an lnhomogeneous production term
which represents production of species 1 from spacies chat are not
mocdeled (for example, Nz+ produced by ionization of N,). The produc-

tion term P, is generally of the form
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P = k(@) gy N (2-37)
Here the index q runs over the xeactions in Table 3 in which the i*"
species is produced and appears on the right side, k(q) i1s the corre-

sponding rate coefficient from Table 4, and n, and n,, are the first

and sucond speclies appearing on the left side of the g*h reaction.

For some of thuse reactions, both Ny and n,, are densities of modeled

specias from the set , while for others one of the species is an

unmodeled atmospheric constituent such as N, or NO. The loss freqency

of apecies i is
Li(p) = ZK(Q) g, (2-38)

Here k(q) is the rate coafficient for a reaction from Table 3 in which
species i is chemically destroyed and appears on the left-hand side,

ne; is the collision partner of n, and can be either a modeled or an

ununodeled spacles density, and the sum is over all destruction reac-
tions., The loss rate (the second term on the right-hand side of Eq.
(2-36)) is obtained by multiplying the loss frequancy by the species
density n,. For three-body reactions there will be an extra density
term in the corresponding production or loss expression in Eq. (2-37)
or (2-38). Three-body reactlions usually involve a major constituent
(N, 05 or O which are specified in our model atmosphere input) as the

third body.
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Table 3a. Photochemical Reactions

R32
R33
R34
R35
AN2A
R36
R37
AO1D

Nz(A) + 0 = Nz + O(xS)

N;(A) + 0 = NO + N(°D)

NzSA) + 03 - Na + 03

N(*S) + 0, » NO(v) + O

N(?D) + 05 = NO(v) + by:0('D)
N(®D) + 0 = N(*s) + 0

N(?D) + NO -+ Np(v) + O('D,%p)
N(*S) + NO = b,,:N;(v=1) + 0(*D,P)

N(D) + 8" =+ N('S) + @~
N(*D) + 0* = N* +0,

NO + hv -+ N(*S) + 0
NO + hy = NO* + o"

Nt + 0, N + 0,

N* + 0 =+ NO* + by «N(?D) + (1-b;) N(*S)
NS +0-0"+ Na

Nz* + &™ = by N(D) + (2-b,)'N('S) + e
Nt + NO = NO* + N,

0;* + N; » NO* + NO

0" + NO = NO* + 0,

0" + N('D) » N* + 0,

0" + 8™ = (2-by):0 + by, 0('D)

oi* + N('S) » NO* + O
+ Ny = NO* + N('s)
0+ 0,0t +0
+ +
ot + NO + NO* + O
0*(iD) + N, ~ NO* +N('8)
o*(3p) + N, - N!* +0
0*(*D) + @ ~+ 07('s) + o
0%(2P) + @™ = 0*('S) + &"
0*(2P) + N, + N,* + 0
. 2 a, \
0*(2P) + N, = NO* + N('S)
0,*(a ‘M) + N, » Ng* + O
0,'(a ‘M) + 0 » 0, + 0(°P, D)
01*(3 ‘M) +e”+0+0
N* + 0, = NO* + byy-0('D)
N* + 0y » 0" + bg'N(*D) + (1-bg) N('s)
NO* + e =+ 0 + by N(?D) + (1-by) N('S)
N,SA) N; + hv(Vegard-Kaplan Bands)
0( D) Nz nd Zbl‘Nz(v-l) + 0
0('D) + 03 =+ £:05(b) + (1-£) 05(X) +
o('D) = 0 + hv (630 nm) ,

l++-l-0l
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Table 3b. Important Branching Ratlos

b, =1.0 RI3A N,* + 0 = NO* + by N(?D) + (1-b})-N(‘S?

by =1.0 Rl4 N,* + & = b N(3D) + (2-by) -N( S) + e

by =0,76 R3S NO* + e” = by'N(*D) + (1-by) -N('s)

b, =1.0 DISS N2 e + N; » b‘-m’n) + (2-b,) 'N(*S) +o .
by =0.5 DISS ION & + Ny » N” + by-N(D) + (1-bg) N('S) + o

PNP

by =0.7 R34 N* + 0y = OF + by N(3D) + (1-bg) N('S)

b, =1.21 PDN2 e' + Ny » N+ N+ o (Rate = byq,)

by =0.3 PN2A e + N, + Nj(A) + e (Rate = by-q,)

bg =0.9 Ré N(*D) + 05 + NO + bg-0(*D) + (L-bg) 0
blo"o. 95 R19 °z+ 4+ @~ = (2'b1°)'° + bm-O( D)
bn—2.82 R7, R6 N+ NO = bll'Na<W1) + 0

b,,=2.20 R36 0(D) + N; = byz-Na(v=l) +0

b;,=0.8 R3I3 N* + 0, = NO*(V) + byy:0('D)

The set of nine squations can be solved very efficiently if the
equations are linear. The equations are linear if L,(n,;) does not
depend upon n, and P, is only linearly dependesnt upon any of the nine
species. Since we are solving mostly for ions and radicals, most of
the redctions are linear except for recombinatlon of the positive ions
with the electrons. The requirement of electrical neutrality supplies

a further constraint,
[n,] -»Fl, M (2-39)
the electron denaity (total negative charge) e¢quals the sum of .he

positive ions, since multiply charged ions are insignificant. The

steady-state alectron density is obtained from its steady-state conti-
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Table 4. Resction Rate Constants®

Reaction A B C
No.
R1A 5.0x10734 0.0 0.0
R1B 5,0x10"13 0.0 0.0
R2 3,0x10712 0.0 0.0
R3 4,4x10712 0.0 -3220,
R4 7.4x10712 0.5 0.0
RS 4,0x10713 0.0* -250,
R6 7.0x10"42 0.0 0.0
R7 3.4x10°12 0.0 0.0
R8 1,0x10°° 0.5° 0.0
RY 2,5x10°10 0.0 0.0
R10°
R11°
R12 8x10°11 -0.8

R13A 1.4%10°10 -0.44
R13B 9,8x10712 -0,4b
R14 1.8x10"7 4

S NOO0OgODTO0 O0pCOO0O0C0O00CCO0O0OOOO

R15 3,.3%10710 0.0 .
R18 $.0x10°8 0.0

R17 4,4%10"40 0.0

R18 2.5x10730 0.0

R19 1.1x107? . .
R20 1,8x10°° 0.0

R21 5%10-1? 0.0

R22 2.0x10711 -0.4

R23 8,0x10"13 0.0 .
R24 5,0x10°%? 0.0 .
R25 1,0x10"° 0.0

R26 7.8%10"? -0,5"

R27 0.0

R28 1,0x1070
R29 5,0x10°%?
R30 2,5x10°10
R31 1.0x10°10
R32 1.0x10"7

O0OC OO COoOO0COCO0OTTO0O0OCOOCTTOO0O0CO

oo S copCcoOoO0
cooPoopoooo

R33 3.0x10°10 . 0.
R34 3,0x107%0 0.
R3S 4,2%x1077 0.85b 0.
R36 1.8x10"41 . 107,
R37 3,2x1074 . 67

(&)
(a)

(b)
(e)

(d)

(o)

Here k = A(T/300)%"'%; unitl are cm'sec™* (bimclecular reactions).

A slower rate, ky = 4x107!! was also used in sensitivity

studlies, '

Temperaturs depandence uses electron temperature T,.

Reactiona R10G, Rll are photodissocliation and photolonization rates
that are zero for the nighttime auroral model.

Temperatura factor is T,/1,, where 1, is the vibraticnal
temparature of N,
Temperature factor is T,7%7:
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nuity equation, which becomes a quadratic equation upon substitution

of Eq. (2-39),
q(z) = n, ;: a, M)

-n.’%a,%—??-n.’%a*ft
J

- ayg 03 . (2-40)

Here, q(z) is the electron production rate from Eq, (2-16), and &, 1is
the recombination rate of electrons with positive ion M,”, Initially
q, is known, but not the £, which determine the effective recombina-
tion rate a,,,. However, the a, are not widely varying, and, in the
region below between 90 and 150 km, NO* and 0, are the predominant
lons, so that an initial choica of a,,, of 3 x 107 cm® sec’! gives a
good first guess of n,. The first iteration then gives values of the
[M,"] and thus {, and a revised value of a,,, and n,. This iterative
procedura converges rapldly to the point at which consecutive values
of n, change by less than 0.1% within 5 to 15 iterations.

The linearized set of equations is readily put into matrix form

Ax = b (2-41)

with b = Po(1), A4, J) = P, (iv)), and A(4, 1) = -L,. The equations
are then solved with a standard linear squation package (LINEQSV from
the NCAR Scientific Subroutine Package),

This simple photochemical equilibrium solution neglects the time
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dependence in the continuity equation and any transport terms. The
chemical time constants of the nine specles (see Table 5) under auro-

ral conditions is less than the vertical transport time with the pos-

sible exception of N('s) (which has a shorter lifetime than at low
latitudes due to the greatly enhanced NO density), and thus our ne-
glect of transport in this one-dimensional solution is reasonable,
Above 150 km where 0" becomes a significant ion species and its photo-
chemical lifetime increases, ion transport becomes important. It

should be noted that transport, especially horizontal winds, can sig-

nificantly move aurorally produced long-lived species such as N(‘S)
and NO. Even qualitative modeling of horizontal winds over the tens
of kilometers scale of auroral arcs is beyond the scope of this work
and probably beyond the present state of the science,’®7%80 For

thls reason we do not try to model the ambient NO density, but allow
it to be an adjustable parameter, In reality its density is deter-
mined by pre-dosing and by prusent and past tran port. We do, however

calculate the NO production rate since it leads -, prompt infrared
radiation. There may be some error involved in the N('S) density

78. Fullsr Rowell, T.J. and Rees, D, (1981) A three-dimensional
tima-dependent simulation of the global dynamical response of
thu thermosphere to a geomagnetic substorm, J. Atmos, Terr,
Phys. 43:701.

79. Fuller-Rowell, T.J, (1984) A two-dimensional, high-resolution,
nested grid model of the thermosphere. 1. Neutrsal response to
an elactric field "spike", J. Geophys., Res. 89, 2971-2990,

80, Fuller-Rowell, T.J, (1985) A two-dimensional, high-resolution,
nested grid model of the thermosphere. 2. Responsa of the
thermosphere to narrow and broad electrodynamic features, J.

e
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Table 5. Chemical Lifetimes of Metastables and lons,

rSpecies Major Source Major Loss Reciprocal r (8)8
Lifetime 7%
Ny T N N{ZD)+0, K. 105] C.1°
N¥+0, 3.8%
NO*+e” 45,08
N,+0
N(*S) Nyte™ N(*S)+NO Kk, [NOJ+k,[0,) 59.0%
N('S)+0, 89,0%
697.%
Ny(a 37T) N+~ N, (A 3T)+hy (kyp+kyp) [O]+Ag,0 0.2*
N, (AST)+0 0.7%
1.5%
N,* Nyt N,*+0, Kyz1 0,1+ (Rygatkyge) [0) 0.004*
N,"+0 0.07*
0.50%
0," N,*+0, 0,"+NO K5 [HO]+k gle”] 2.1
0, +e” 0, +re” 3.9%
13,78
o* Oyte™ 0*+0, Kgp [Nz 1+Kp5 [0, ) +kpq [NO) 0.02*
O+e™ o*+No 1.0%
O*+N, 17.7%
NO' N?:+o NO'+e” kysle”] 1,5*%
N'+0, 3.4%
0,"+NO 9.0%
N* N+e™ N*40, (kag+kqy) [05] < 0.001*
0.04%
0.6%
0, (a ') 0,+e™ 0, (a 4N,  kyy[N;])+k;,[0] < 0.001*
0, (a*Mm+0 0.01%
0.1%
e ¢ "4N,,0,,0 e +0," Ko [0y% 1 4+ky4 [NOT] IBC 111
e +No* 2,2t
3.9%
16.0%
16.0*
9.2}
26.7%

¥ Lifetime in seconds for standard IBC TII aurora wirh high NO profile.
? 100 kn altitude.
1 120 km altitude.
% 150 km altitude.
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since we calculate it using photochemical equilibrium and reaction

with NO is its major loss process. However, N(‘S) is not the major
source of NO(v) under aurorally disturbed conditions (see next sec-
tion) and thus error in its computation will not have a serious impact
on the IR emission, Chofce of the NO profile will, however, have a
major impact on the NO airglow radiance.

Our use of the photochemical equilibrium approximation means that
long-lived specles that are affected by time.varying gsourcas and
transport will not be calculated accurately, Production of NO isg
greatly enhanced during auroral prucipitation, However, tha NO densi-
ty cennot be accurately calculated with our simple model since the

dominant chemical loss is

k, [N(‘s)] [NO]

r =1/ (k, [N(*$)]) 2 1 hr,

(During daytime, NO dissociation (R10) produces N(*S) and 0, the N(“S)
then further removing more NO). The inclusion of NO in the chemical
model will then be inaccurate, since its density depends strongly upon
the pre-doring history and transport. The chemical calculation ia
further complicated by the fact that the loss of both N and NO would
be nonlinear. After the auroral precipitation decresses or stops, N
and NO cannlbalize each other and the smaller of the two (usually N)
1s dramatically decreased., As the densitlies d.crease the lifetime

bacomes longer and can become many hours (days Iin the polar night).
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For this reason we give the user the cholce of two NO profiles which
remain constant during the calculation, 1In future releases, the
trsatment of NO can be improved by allowing the user to supply the NO
profile, allowing different profiles within the arc and outside it,
and allowing a time-dependent calculation within the arc. A truly
accurate calculation would need to include horizontal transport over
scales of tens to thousands of kilometers which is beyond the present
state of the sclence, especially for an interactive model,

Solving Eq. (2-41) iteratively at each altitude on a 2 km grid
between 90 and 160 km ylelds the nine constituent densitias that de-
termine the rates of chemiluminescent reactions producing NO(v),
NO*(v) and the chemical sources that produce N,(v). In the next
sections we will discuss in more detail the calculation of the voliume
emission rates of NO(v) and NO*(v) before we discuss the more complex
calculation of the CO, v; emission rate and radiative transfer,

2.4.2 NO Avel AND Av=2 SEQUENCES,

The photochemical equilibrium (PCE) caleulation dascribaed above
ylelds the steady-state densities of N(*D) and N(‘S) as a function of
altitude. These two specles are precursors of NO(v) In the two reac-
tions

N(*D) + 0, = NO(V) + O, R4

ky(v) = £,(v)(7.4 x 107%%)(T/300)°® cm? soel ,

and
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N(*s) + 0, => NO(v) + O, R3
ky(v) = £,v)(1x107*%) exp(-3220/T) cm® sec™?,
where f£(v) is the fractional rate populating state v of the NO prod-

uct. The reaction rumbets are taken from Wables 3a and 4. The £(v)
have been obtained from experiments at AFGL,?7.29.81,%82 pigyre 6
shows the valuas of £(v) for reaction R4 fram COCHISE?’ and LABCEDE?®,

The reaction of N(°D) + O, 1s the predominant source of NO. N(‘s) is
important only at high temperatures becauge the large activation

energy for reaction R3 makes the rate orders of magnitude smaller.
For example at 200 K, k, is 6,04 x 107 while k, is 1.1 x 1072,

Even at 400K the ratio of the N(°D) rate to the N('S) rate is still
greater than 2.5 x 10", Furthermore, reaction R4 can populate higher
vibrational levels. Reaction of O, wich N('S) ig an Insignificant
source of NO(v) compared to reaction with N(zD) (see Figure 7). The
N('s) component can become a more significant portion of NO(v) at
higher altitudes, and because of the long lifetime of N¢'s), it is
still present after the N(ZD) source has decayed éway (after dosing

has decreased). It should be remembered that the N(‘S) term is likely

to be less accurate due to the Inappropriate use of the steady-state

81, Winkler, 1.C., Stachnik, R.A., Steinfeld, J.I., and Miller, S.M,
(1986) Determination of NO(v=0-7) product distribution from

the N('s) + 0, reaction using two-photon ionization, J, Chem,
Phys. 85:890-899,

82, Rahbes, A., and Gibson, J.J. (1981) Rate constants for formation
of NO in vibrational levels v = 2 through 7 from the reaction

N('s) + 0, --> NO" + O, J. Chem Phys. 74:5143.8,

62




RELATIVE EXCITATION RATE

NO(v) EXCITATION FROM N(2D) + O,
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| ﬂﬁ il
1 2 3 4 5 6 7 B 9 10 11 12
VIBRATIONAL LEVEL

The Relative Excitation Rate, £(v), of Specific NO(v)

Levels Populated via N(¢3D) + 0, Reaction Determined from
Laboratory Experiments at AFGL. The triangles (A) are
COCHISE results that assume f(v=0) = 0.1, The * are
LABCEDE results that assume f(v=0) = 0,0,

approximation to calculate N('s).

The COCHISE®’ experiments have measured vibrational excitation of

NO out to v=12 (see Figure 6) resultlng from reaction R4,

The frac-

tional rate constants f(v) are sometimes referred to as the nascent

distribution, although they are only derived from measuring emission

from a nascent or unrelaxed digtribution of vibrational states pro-
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duced by reaction R4. Figure 6 shows that the two measurements of
f(v) are in fair agreement with the possible exception of v=1 where
there are large uncertainties. COCHISE measurements also measured

high f(1) but argued that f(v) for v=l through 7 were essentially

equal?’, Neither of these experiments could measure formation of
NO(v=0), 1If NO(v=0) is largely populated by R4, then the corre-
sponding £(v>1l) would be decreased, Consequently, we estimate that
there is an uncertainty in the production rate of NO(v) [K,f(v)] that
is likely to be 20-30%.

In the atmosphere the volume emission rate is produced from a
population that is relaxed by radiative cascade and collisional proc-
esses, The band Einstein coefficilents®® for v = 1 . 12 are in the
range 10 - 60 sec’!, This means that the radiative lifetime is always
iess than 0,1 sec™!, This short lifetime allows us to calculate the
relaxed vibrational distribution assuming a steady state is astab.
lished (we assume that the desing rate remains constant over such
ghort times). Setting the loss rate of each of the twelve levels
equal to the production rate results in a set of twelve linear

equations

83, Billingsley II, F.P. (1975) Calculated Vibrational-Rotational
Intensities and Line Positions for Ground State Nitrie Oxide,
AFCRL-TR-75-0586, AD A019790,

84. Billingsley II, F.P. (1976) Calculated vibration-rotation
intensities for NO(XZH). J. Mol. Spectrosc, 61:53,

85. Gillis, J.R. and A. Goldman (1982) Nitric oxide IR line
parameters for the upper atmosphere, Appl. Opt. 21:1161-1162,
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N
T INO(v = K, 2)] (A., + § Ky [Q(2)] )

kei+l
+ £(v = 1) k, [N(D; 2)] [0,(2))

1-1
=3 [NO(v = 1} 2)) (An +§: kyyy Q) ] , (2-42)

1=0

vhere A,, is the Einstein coefficient for spontaneous emission from

the 1*" vibrational level to the 1'" and k), is the quenching rate
from the i'" level to the 1*" level by quencher Q, at level z. The

top two lines of the equation are the production of the i*" level and
the third line is the loss. Radiative cascade and quenching are both
production and loss processes for all intermediate levels, For each

of the 12 excited vibrational levels that can be populated (and radi-
ate) there is one equation. This coupled set of linear equations can

be put into matrix form
Bx = ¢ (2-43)

where ¢ is a vector of the inhomogevneous production rate terms arising
from the second line of Eq. (2-42), and B is the matrix of production
and loss terms by radiation and quenching. The loss terms all appear
on the diagonal,

The straightforward use of Eq (2-42) is hampered by the lack of
knowledge of the quenching rates and radlative llfeﬁlmes. The radia-
tive lifetimes are more certain than the quenching rates. The radia-

tive loss is dominated by the fundusental (Aw=l) and overtons (Av=2)
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transitions. We initially used the Einstein coefficients calculated
by Billingsley,®® and later rescaled these values upward by 21% for
the Av=l transitions to be consistent with the AFGL line tape®® based
on the measurements of Gillis and Goldman.®® For the overtone
transition probabilities, Gillis and Goldman derive only v'= 2, 3, 4,
and 5, and the ratios of the first two to Billingsley's are 1.83 and
0.84, However, the ratios for v/ = 4 and v’ = 5 are close to 1.21, so
that the rest of Billingsley’s Av=2 values are multiplied by the sgame
1.21 used for the fundamental. Table 6 shows the values used in
AURORVIBNO,

The quenching rates are much less certain, being much harder to
measure and nearly imposaible to calculate theoratically. Laboratory
measurements indicate that O and 0, are the only atmospheric species

that could be significant quenchers of NO(v) above 90km. The experi-
mental values are for atomic oxygen®®® k, , = 6.5 x 107 em?® sec?
and for molecular oxygen®®®™ k . = 3 x 107" cn® sec™, Above

86. Fefﬁzndo. R.P,, and Smith, I.W.M., (1979) Vibrational relaxation
of NO by atomic oxygen, Chem, Phys. Lett., 66:218,

87. GClanzer, K., and Troe, J. (1975) Vibrational relaxation of NO in
collisions with atomic oxygen and chlorine, J. Chem. Phys.

63:4352.

B8, Murphy, R.E., Lee, E.T.P,, and Hart, A.M, (1975) Quenching of
vibrationally excited nitric oxide by molecular oxygen and
nitrogen, J. Chem, Phys, 63:2919-2925,

89. Fernando, R.P., and Smith, I.W.M. (1981) Relaxation of NO(v=l)
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Table 6, Band Parameters for NO Avw~l and Av=2 Transitions

Band Avvigt byt vig1 Band Avi viga A vin
v! origin, (neo ) (neo *) origin, (sec °) (see %)
Avwl (This work) (M1llingsley) avel (This work) (Billingsley)
(om ) (on"1)
1 1875.93 13.18 10,78 - Rl -
2 1847,80 24,92 20,43 372378 0.468 0,84
3 18190.78 35.52 26.11 3887, 56 1,81 1,27
4 1791.78 44,51 36.40 3811, 54 3.78 3,10
L] 1783.88 2.3 42,93 3555, 63 3.90 4,00
8 1735.88 39.22 48,54 34009,74 8.80 7.20 .
? 1708.00 85,32 53,54 3442.09 11,78 9.83
8 1880.10 70,13 87.48 3388.11 15.28 12,50
9 1852.08 73.487 80.45 3332.18 19.13 15,88 )
10 1824.07 76,58 62,77 3278.13 23.38 10,14
11 1506.02 78,328 84,15 3220,08 27,00 22,04
12 1587.73 78,82 84,04 3163.75 3,12 27,18

90 km the 0/0, ratio increases and quenching by O becomes correspond-
ingly more important. Thus the uncertainty in the atomic oxygen
profile will impact the accuracy of model calculations of NO(v) radi-

ance. A possibly greater uncertainty arises from the unknown depend-
ence of quL upon the upper vibrational level i and possibly the

lover level 1. Due to the lack of measurements of the vibrational-
level dependence, we have chosen reasonable limiting cases. For

quenching by O the two cases are
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L kt..l - 61,1-1 LIS (2-44a)

(L=1) k3o 2 (4.1
- - > (2-44b)

=1
(i-k)
0

11, kul

k=

Case I {s a reasonable lower limit for the total quenching. It as-
sumes only quenching to the next lowest level (single-guantum-quench-
ing) with all rate constants equal to that for the firat level (SQQl).
Case II follows from the suggestion of Quack and Troe®! that the total
quenching from any level i is the same (measured for v'=l), but that
multiquantum quenching should be preferred. It ylelds much less
radiation since the preferred quenching to v''=0 prevents subssquent
radiative cascade after the initial quenching.

The 12x12 set of linear equatioris is then solved by standard
tachniques yielding the ateady-state populations n,. (z,) at altitude
grid point 2,. The volume emission rate is n,(z,)A,.,. . Since
these emissions are prompt and accurately described by the steady-
state solution, we can characterize the volune smission rate by an
efficlency. We dafine an efflciency ¢ in terms of photons emitted per
ion-palr produced by the precipitating electrons. These units are
most convenient since the calculation of a spectrum depends directly

on the photons emitted, This efficiency can be converted to an energy

91, Quack, M., and Troe, J. (1975) Complex formation in reactive
and inelastic scattering: statistical adlabatic channel model
of unimolecular processes. III, Ber. Bunsenges. Phys. Chem.
79: 170,
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efficiency by noting that the photon energy is hev, where h is

Planck'’s constant, ¢ {s the speed of light, and » is the frequency in

em'l, Since 35 eV is used per ion-pair produced,

(6,626 x 10"’7egsvlnc) (3 % 10%m/sec) v e
(35 eV/ion-palr) (1.6 x 10"'%erg/eV)

Energy-eff, =

- 3,55 % 10°%v ¢, (2-45)

The efficiency is caloulated and stored as a function of altitude for
each upper-state vibrational level for the fundamental ¢,(v’,z;) and
the overtone ¢,(v’,z;). The total efficiency for the fundamental,
¢,(z;) and overtone ¢,(z;,) are obtained by summing the individual
efficiencies over all upper levelr. If the concept of an afficilency is
valid (prompt emission, independent of dosing level, which we will
show is true later in this section) then for a glven dosing profile,
the volume omigsion rate in each band at each level can be easily
reconstructed without performing additional photochemical calcula-
tions., From the volume emission rate of these optically thin emis-
siong the line-of-sight radiance is easily calculated by summing up
the contributiona along the path,.

The photochemical calculation of the nitric oxide radiance depends
upon many parameters, We have already mentioned the most important
ones, the quenching rates and the atomic oxygen profile, Since there
are uncertainties in these parameters, we have performed a limfted
sengitivity analysis, The neutral-ion aurorslly driven photochemical

code AUROR.PCE.CHEM is run with different values of tha selected pa-
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raseters, followed by AURORVIENO. The key output of AUROR,PCE.CHEM

that effecta NO(v) is the efficiency of N(3D) per ion puir. N(?D) is
sensitive to branching ratios of dissociation, dissocilative ioniza-

tion, dissociative recombination and ion-molecule reaction. Wa have

used the generally accepted values for these branching ratios??® in the

production of N(’D),

" + N, ---> b, N(*D) + (2-b,) N(‘s) b, = 1.0 PDN2

e + N, ---> N + by N(®D) + (1.b,) N(*S) b, = 0.50 PNP
NO* & @ ---> by N(*D) + (1-by) N(*S) + 0 b, = 0.76 R35
N + e --.> b, N(D) + (2-b,) N('S) b, = 1.0 R4

N,* + 0 ---> NO* + b, N(*D) + (1-b,) N(*s) b, = 0,90 , R13A

The most important of these reactions are PDN2, R13A, end R35, since
N; is not a dominant ion, and dissociative ionization is less likely

than dissociation of N;. The branching ratio b, is usually assumed to

be about 1,0 (about half N(°D)), probably between 0.9 - 1.1. Near

b, = 1, the amount of NO that can be formed is very sensitive to tha

value of b,, since N('S) tends to destroy NO (R7), while N(?D) will

produce it, The branching ratio b, has been measured in the lahorato-

ry%3, and b, is usually assumed to be between 0.8 and 1.0. The loss

71

LT




processes for N, are
N(?D) + 0, -~-> NO(v) + 0('D, °F) R4

K, = 7.4 % 107*3(1/300)° *cn® sec™?

N(2D) + O ---> N('s) + 0 R5
ky = (4.0 % 1073

- 4.,0x10"2exp(-250/T) Jom® sec™!

N(*D) + NO ---> Ny(v) + 0(*D, %) R7

K, = 3.3 x 10" em® sec?

NED) + @ ---> N(*8) + @ R8

Ky = 1.0 x 10 %cm® sec™?

N(D) + 0" -=-> 0, + N R9

kg = 2.5 x 10"%m? sec"?

N(2D) ---> N('S) + hw R10
ANCDY) =~ 1.1 x 107 sec™d,

At low altitudes R4, which produces NO(v), is the major loss proc-
eas of N(%D). Above 120 - 130 km, as the ratio of [0]1/(0,] becomes
greater than onu, R5 becomes a significant losa of N(*D). ‘The quench-
ing of N(3D) by R5 causes a slight decrease in the number of N(zb)

92. Klei? D., Lawrence, G.M., and Stone, E.J. (1977) The yleld of

N(*D) atoms in the dissociative recombination of NO+, J, Chem.
Phys. 66:4157,
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that react with 0, per lon-pair, thus causing a slow decrease in the

efficlency with increasing altitude above about 120-130km. At 120 km

the fraction of positive ions that are NO* (NO*/M") is maximum, which
causes a maximum in the N(?D) produced by R35, The fraction of No*/M°

18 also the cause of the very weak dosing dependence of the N¢ZD) ef-
ficiency. As the dosing rate goes up with a corresponding increase in

plasma densicy, the recombination rats increases. Slowly, recombina-

tion of 0," starts to compete with charge transfer to NO¥, thus lower-

ing the NO'M" ratio, This decrease in NO* again leads to less N(°D)
via R35. 1This effect is one of the causes of the decrease in the
N(*D) production, and thus NO(v) efficiency, for high dosing rates, as
is seen in Figure 8, In this figure we have plotted three different
levels of dnsing, 5, 50, and 500 ergs cm™? sec™*, We have kept the
Maxwellian characteristic energy constant at 10 keV, whirh 1s unreal-
istic, but causes the ratio of the enargy deposition at all altitudes
to be constant. This would not be true for our standard profiles in

which the total deposition increases by about two orders of magnitude
going from IBC 1I to IBC I1i*., However, since the shapes of the stan-

dard profil:s vary, the dosirg at 9% km for IBC III* is more than 1000
times that of an IBC II using the standard Maxwellian deposition pro-
file. (The more peaked Gaussian would yield an even greater value.)

The altitude dependence of the NO(v) efficlency is directly de-

pendent on the altitude dependence of the @) efficiency except
around 90-100 km where the peak in the (0] profile supplies enough O

to querch goms of the NO(v). Abuve 100 km R13A becomes the increas-
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Altitude (km)

1 T I I
150 L NO(Av=1) \\\\\ -
a=|0keV AN
140 L + 4+ =B5erg/cm’s .

x %X =50erg /em?s
130 L. —— =500 erg /cm?s

110 L

100 L / )

o0 LS

Efficiency (photons/ion-pair)

Figure 8. Sensitivity of NO(Aw=l) Efficiency is Shown as a Function
of the Dosing Rate. All calculations use a Maxwellian spectrum with
a=10keV. The efficiency is fairly independent of dosing until & 2 250

ergs/cmd/s. In AARC a=10 keV, =100 ergs/cm?/s is used to calculate
the efficiencies supplied in ALLDAT. At high dosing rate efficiencies

decrease duo to electron quenching and decrease in [NO‘) /[O,*] , thus
decreasing the N(*D) production from recombination of NO*.
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ingly important source of NO* since the [0]/10,] ratio is increasming.
This not only supplies N(*D) when NO' recombines, but supplies nearly

one N(*D) for each NO* produced by R13A. At higher altitude as the O,

continues to decrease faster than O, RS begins to compete as a losa

mechanism for N(?D), and the efficiency slowly decreases.

The dominant sensitivity of the ¢,;(z,) and ¢;(z;) and also the
largest uncertainty in the calculation is the quenching rate of NO(v).
Flgure 9a shows plots of total NO Av=1 and Figure 9b shows NO Ay=2
efficiency as a function of altitude for two choices of quenching
mechanisms., Since the quenching is dominated by atomic oxygen [ky/l,
= 2000], the total efficlency decreases as [0] increases. However,
above 100 km the lifetime of NO(v) im short and is determined mainly
by the radiative lifetime (less than 0.l sec). This means that for

NO(v=1) to be significantly quenched, [0] must ba greater than

1.6 x 10*! (ky = €.5 x 10"*}), Above 110 km quenching becomes a small
loss for v=1. For higher vibrational levels the radiative lifatime
becomes even smaller (Table 6). The effect of quenching on these
levels depends upon how k, depends upon v’', The effect of the two
cholces previously mentioned [Single Quantum Quenching at rate k,
(5QQ1), Multi-Quantum Quenching (MQQ)] upon ¢;(z,) and ¢,(z,) are

shown in Figures 9a and 9b, respectively, for the standard [0] pro-
fils. This effect is quite dramatic in the altitude rangs below about
110-115 km where quenching is significant. The effect of changing the
(O] profile is also shown in Figure 9a. Recall also that ths depend.

ence upon dosing was shown in Figure 8. These figures indicate that,
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Figure 9a. Sensitivity of NO(Av~l) Efficiency to Quenching Mechanism
and Quencher Density. Squares (0) represent standard model which uses
single quantum quenching (8QQl) as discussed In text, The (+) repre-
sent multiquantum quenching (MQQ), which decreases the efficiency
noticeably below 130 km. The (x) represent the standard casc, except
that the atomic-oxygen density is twice that of the USSA76 profile,
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Figure 9b, Sensitivity of NO(Aw=2) Efficiency to Quenching Mechanism
Similar to Figure 9a.

Tt

g ., “
iu.ut.u.x.h.u.t.u;uh.uLth.hxuuuitnquuh.Lu_hEiLLu..u.u.LLu.u.mx.ulm.l.tm.l.h.m.tu
L.

-]
]
-4
-

-y

Lo



although the exact efficlency is somewhat uncertain due to uncertain-
ties in [0], ko(v), and k,£(v), the use of the concept of efficiency
iy valid. Over the range of likely auroral dosing, the change in
NO(v) photons emittad per ion-pair formed is much smaller than the
uncertainties in the kinetic parameters. In the standard version of
AARC, the total systom efficilencies, ¢,(v’', z,) and ¢,(v', z,) obtain-
ed using the COCHISE values of f£(v) in Figure 6, the S5QQl quenching
rates, and the standard [0] profile are stored in a file ALLDAT.
These sets of parameters yield efficiencies that are near the likely
upper limit, assuming that no other major processes are left out,
These high efficiencies seem to give good agreement with the zenith
radiance observed in an IBC II aurora by the AFGL/USU Field-Widened
Interferometer2? in April, 1983,

2.4,3 NO" VIBRATIONAL KINETICS

No*(v) vibrational kinetics is handled in a similar manner to
NO(v). A FORTRAN routine, AURORVIBNOP as part of AUROR,PCE,CHEM cal-
culates the efficlency of No*(v) photons per ion-palr from the steady-
state concentration of NO*(v). The NO*(v) concentrations are calcu-
lated using chemical excitation and relaxation via collisions and
radiation, NO' is the terminal E-region ion and it is produced by a
number of fagt exothermic lon-molecule reactions. All of the follow-

ing reactions are exothermic enough to produce vibrational excitation:
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N;" + 0 --->NO"(v) + N('S), AE~3.08 eV, v, ~10 R13A(a)

N,¥ + 0 ---> NO*(v) + N(*D), AE=0.69 eV, v, .~ 2 R13A(b)

kyga(total) = 1.4 x 107%(T/300)"%** cm® sec?

N+ 0, ---> NO*(v) + O('S), AE=2.43 eV, v, =~ 8 R33(a)
N* 4+ 0, --->NO"(v) + O('D), AE=4.66 eV, v, =18 R33(b)
N* + 0, --->NO*(v) + O(*P), AE=6.63 eV, v, =28 R33(c)

kyy(total) = 3.0 x 10°1% emd sect

N' 40, --->N+0,° R34

Ky, = 3.0 X 10°Y em® sec”!

0," + NO ---> NO*(v) + 0,(X), AE=2.83 eV, v,,= 9 R17(a)
0, + NO ---> NO*(v) + 0,(a), AE=1.85 eV, V,,,= 6 R17(b)
0," + NO ---> NO*(v) + 0,(b), AE=1,20 eV, v, = 4 R17(c)

k,,(total) = 4.4 6:10'° cm® sec’!.

Reaction R33 is the only reaction for which the vibrational distribu-

tion of the products has been measured in the laboratory. Smith et

al?® have measured the infrared NO'(v) spectra produced from N' + 0,
and have deduced the fractional rate that populates v=1 through 14
(see Figure 10). These values are ubtained by fitting synthetic band
shapes to the fairly low resolution CVF spectram of the chemilumines-
cence in a flowing afterglow. The Eilnstein coefficlents of the levels

v'=l through 14 are needed to obtain the populations from the photon
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Figure 10. Relative Production Rate of NO' in Various Vibrational

Levels from N* + 0, Reaction.
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emission rates. Smith et al?® used the calculated values of Werner

and Rogmus" (Table 7). These values seem reasonable, but there are
no good experimental values with which to compare, The Av=l and Av=2
Einstein coefficients are very similar to those for NO. The level v=0
can not be observed since it does not radiate, but if the fractional
population of w=0 fits smoothly on the curve, it does not significant-

ly affect the other rates.

Table 7. Band Parameters for NO*(v) Transitions

Band Avhvhl' Band Avnvuz.
v! origin, (s7%) origin, (a71)
Av=] Avm2
(em™d) (em™)
1 234417 10,9 sevanen ana
2 2311,51 20,2 4655,67 0.697
3 2278.77 2B.4 4590,27 1,93
4 2245.,93 35,5 4524.69 3,61
5 2213.00 41,5 4458,92 5.74
6 2179.97 46,6 4392,96 8.24
7 2146.85 50.9 4326.82 11.1
8 2113.64 54.3 4260,48 14.2
9 2080.34 57.0 4193,97 17.7
10 2046 .94 58.9 4127.26 21.3
11 2013.44 60.2 4060,36 25.1
12 1976.86 60.8 3993,29 29.0
13 1946.18 60.7 3926.02 33.2
14 191.2.40 59.9 3858.56 37.4

anaas

@Ses referance 92,

93. Werner, H.-J., and Rosmus, P, (1982) Ab !nitio calculations of
radiative transition probabilities in the !I' ground state of
NO* ion, J. Molac, Spect. 96:362.
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Process R13 becomes the major source of NO' at higher altitudes

where [0]>[0;]. Modeling of NO chemistry has indicated that k,/k, >

0.9. Thus the dominance of the N(?D) channel means that v=2 is the
highest level that can be populated. Since this is so large a source
of NO*, we have included this reaction in some calculations as an
additional source of NO*(v) with the assumption f;(v=0)=0,25,
£;(v=1)=0,50, and £y(v=2)=0.25, This source not only almost doubles
the total Av=l efficiency (Figure 11), but it also changes the shape
of the resulting spectrum since i. predominantly populates the vl
level, which radiates in the 4,3-um region along with the CO,(001)
(Figurs 12), Since this source has not been dooumented by laboratory
or atmospheric measurements, it is not presently included in the work-
ing version of AARC,

Process R17 is the third major source of NO' in the D and lower E-
region. This pathway 1s most important for high [NO]) and lower dosing
rates when the 0,' lifetime for R17 is shorter than for recombination
R19. The large exothermicity again makes the production of NO*(v)
possible, However, we neglect this reactlon as a source of NO*(v) be-
cause no evidence of vibrational excitatlon has been observed, and we
believe that the vibrational excitation of the product is less likely
for a charge transfer reaction where no new bond is formed,

Ve use the same fractional production rates (Figure 10) as the
source terms in a set of steady-state aquatioris for the wv=l through
w14 levals analogous to the set of 12 equations [Eq. (2-43)) used for

the NO(v). We also use the Einatein coefficlents for the fundamental
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Figure 11, Sensitivity of NO*(av=1) Efficiency to Quenching Mechanism
and Chemlluminescent Source. Squares (D) are single-quantum quenching
(SQQ1) which is the AARC standard case; (+) are 3QQV (see text), and
(x) are multiquantum quenching MQQV (see text). The diamonds are for
the standard case with the addicion of N; + 0 source of NO'(v) (see
text).
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s FHE

and overtone saquerices from Werner and Rosmus. The other loss process

for NO'(v) is vibrational quenching. The quenching of NO*(v=1) by N,

18 very fast® %, = 7 % 102 cm? gec, and, since N, is
M a(1,0) 2

. the major atmospheric component, quenching is important for v=1 up to

about 110 km, Again, the quenching rates of the levels with v>l have
no. been measured. Therefore, we make a few representative choices

for the quenching rate:

I. Single-quantum quenching at rate k, o (5QQ1) -

Koy = sv".*{'-l kyo

1I. Single-quantum quenching at rate v'k, , (5QQV) -

kv'.v" - 8v",v'-1 V'kx,o

III. Multi-quantum quenching at rate vk o (MQQV) -

PVI'-’II - Sv..'n V'kI'n

Choice I 18 a reasonable choice that is also a likely lower limit,
assuming that quenching rates do not decrease with v/, which might be

the case Lf the resonant energy exchange were important and the proc.

94, Dobler, W., Federer, W., Howorka, F,, Lindinger, W., Durup-
Farguson, M., and Ferguson, E, (1983) Vibrational relaxation

of NO'(v) tons in neutral collisions, J. Chem. Phys. 79:1543-
1544,

95, Ferguson, E.E., Adams, N.G,, Smith, D., and Algae, E, (1984) Rate
coefficients at 300K for the vibrational energy transfer ren.-
tions from Ny(v=1) to 0," and NO*(v=0), J. Chem, Phys. 80:
6095-6098,
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ess became less resonant for higher v'. Choice II follows the common
harmonic-oscillator scaling law for quenching, but becomes very fast
for higher v (nearly quenching on every collision). Choice III is
likely an upper limit, but the large multi-quantum loss is not likely,
The fast quenching rate of NO'(v=1) by N; and the near resonant
vibrational levels of these two molecules suggest that it might be a
resonant V-V process. If it is resonant, the reverse procass would

procesd at the same rate
N (vel) + NO*(w=0) ---> N,(v=0) + NO*(v=1). R20

This would mean that large auroral enhancements of N,(v) could supply
a long-lived (non-prompt) source of NO*(v) even though [NO'] <

1 x 10°. However, recent experiments® have shown that reaction R20
proceeds at a rate much less than NO'(v) quenching, indicating that
quenching proceeds through a cluster ion type complex, not by resonant
vibrational transfer. Thus only the prompt mechanism using R33 is
included in the calculation of NO' IR emission.

The NO'(Av=1) efficiency obtained using only R33 depends strongly
on the quenching mechanism, Figure 11 shows the Av=l efficiencies as
a function of altitude. All of the profiles show avidence of the
strong quenching at the lower altitudes, the quenching effect .. Ing
evident at higher altitudes for SQQV and MQQV. Above 130 km quenching
is unimportant and the efficiency falls off a little due to the de-

creasing mixing ratio of N;. This behavior occurs sirce the N' pro-
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duction 1s predominantly from N, [PNP propertiocnal to N, and q,. Eq.
(2-35¢)] and reaction with O, is the predominant loss mechanism for

N*. The SQQV and MQQV curves have the same chape as the SQQL curve
but are considerably smaller in the region below 110 km where quench-
ing is large. When process I is included, the afficlency is almost
doubled as is shown in Figure 1ll1. The shape of the curves when 1 is
included are very similar to those using just process 11, Preliminary
analysis of the ELIAS data’’ and Kume:'s analysis of the 1978 Auroral
Dynamics experiment’” indicate that the efficiency curve of SQQV
agrees best with the data if only process II is used, Howaver, the
experimental errors ave large so that SQO1 with or without iuclusion

of T 1s just about as likely tc be the correct mechanism. The resolu-

tion of the NO*(v) problem will take laboratory measurements of vibra-

tional excitation in processes I and II1 and the quenching of higher

states, and/or high resolution measurements of the 2100-2400 cm™

spectral region during a strong aurcra. In the FWI expariment the
dosing was only about 7 erg/cm? with peak in tle highly quenched
104 km region; thus the predicted NO'(v) radlation was in the noise
and in fact was not observed.??

NO'(v) produced by reactlon R33 leads to very prompt Infrared

emission. N*, the precursor of No*(v), is overwhelmlngly produced by

the nearly instantaneous dissociative ionization of N,, The lifetime
of the N* lon is determined by R33 and R34, with its conversion into

NO*(v) within a lifetime

87




fas = 1/(ky3[0;]) = 3.33 x 10% cm¥/[0,]. (2-47)

Since 0, is a mejor constituent, No*(v) Ls produced in less than 1 sec
after dosing, even at 150 km. At altitudes near 100 km, the radiative
lifetime of the NO'(v) states is longer than the characteristic time
rys. Thus our use of a steady-state approximation is totally justi-
fied for NO*(v). Time-resolved experiments with a coincident measure
of the dosing rate should he able to distinguish thls source in the
4.3-pm reglon from the C0,(001) even without high spectral resolution,
The fact that R33 produces vibrational levels of NO" up to v=14 also
means that & whole series of hot bands in the Av=l sequence will ex-
tend the radiatlion out to the 5 um reglon, Table 7 shows the band
origina for NO'* Av=l, Figure 13a shows a low-resolution (10 cm!)
limb spectrum of NO* for an IBC III aurora at a tangent height of

110 km. At this resolution the overlapping R and P branches of the
various hot bands give a scalloped appearance, Figure 13b shows the
same limb spectra at 1 cm™} resolution which clearly distinguishes the
ind{vidual rotational lines. However, the overlapping bands produce
some near-coincident lines that appear as one line if they are less
than 1 em™! apart, giving a spectrum that is hard to interpret if it

is noisy or contaminated with other emitters.
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of NO* by the overall shape.
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2.5 Collisional Energy Transfer Processes
2.5.1. NO(v=1) AIRGLOW
Above 100 km during quiescent conditions, the NO(v=1) - NO(v=0)

fundamental at 5.3 um is one of the strongest IR emitters and a major
cooling source of the lower thermosphere,?%9:# The major excitation
(and quenching) mechanism is collisions with atomic oxygen,
NO(v=1) + O 2 NO(v=0) + O R21

k, = 6.0 x 10 em® sec™?

k, = 6,0 x 107" exp(-1875¢c,/T) cm?® sec’t,
where ¢, is the second radiation constant, 1,439 K /em'!, Earthshine
is a smaller, but significant, source of excitation especially for
small [0) and/or low temperature. We use an earthshine rate from
Caledonia and Kennealy?® which was calculated using LOWTRAN. The
range of values stated corresponded to arctic winter and mid-latitude
summer conditions, and the earthshine radiance seemed to correspond to
the blackbody radiance of the earth's surface, If overlap of water
lines in the troposphere ls important, the earthshine pumping will
come from a much colder region of the atmosphere, resulting in a lower
excitation rate. Work is progressing (ARC) on an accurate line-by-
line non-local-thermodynamic-equilibrium (NLTE) calculation of NO wvi-

brational temperature in the quiescent atmosphere. We believe that

96, Stair, A.T., Sharma, R.D., Nadile, R.M., Baker, D.J., and
Grieder, W.F, (1985) Observations of limb radiance with cryo-
genic spectral infrared rocket experiment, J. Geophys. Res.
90:9763-9775.

97. Kockart, G. (1980) Nitric oxide cooling in the terrestrial at-
mosphere, Geophys. Res. Lett, 7:137,
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the present earthshine rate is a reasonable upper limit. Above
120 km, where the overwhélming amount of NO airglow originates, the
earthshine is an insignificant source. Using the atomic-oxygen colli-
sion mechanism, an earthshine source, and radlative loss, we obtain
the continuity equation for NO(v=l), .
d[NO(v=1)]/dt = §,[NO] + k.[O] [NO(v=0)] - k,[O][NO(v=1)]

= Ay 5[NO(w=1)] , (2-48)
where Sy is the earthshine pumping rate and A, , is the Einstein
coefficient for the (1-0) transition., If we solve for [NO(v=1)] as-

suming @ steady state, we obtain the simple formula

Sy[NO] + kg[O] [NO(v~0)]

[NO(v=l)] = K.+ %;10] (2-49)
or, in terms of the volume emission rate,
Ag 5 [NO(vml) ] = (OO 1Sy + K, (0) (2-50)

L+ Kk [0]/A, 5
This is a slmple expression that is easily solved if [0], [NO], and
the previously mentioned Sy are known. Both [0] and [NO] as mentioned
earlier cannot be calculated accurately in a one-dimenslonal model,
especially a time-independent model of the auroral atmosphere. Since
[NO] is so dependent upon the dosing history and transport, its self-
consistent calculation is beyond the scope of this model, However, we
do supply the user a choice of a high [NO] that may be appropriate to
the region of an active auroral arc%, and a moderate?® [NO] profile
that may be representative of the auroral reglon outside the arc,

vhich is higher than most mid-latitude or zonally averaged and time-
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averaged high-latitude profiles." The uncertainty in the [O] and
[NO] is larger than that of S;.

A further uncertainty is introduced into the NO(v=l) volume emis-
sion rate by the temperature dependence of k,. The large activation
energy corresponds to the energy of the NO vibrational trensition,
1875 cm™}, For this reason, the volume emission xi.e neaks in tue
130-140 km region, well above the region of maximum [O] and [NO|, In
this region the earthshine is insignificant and A, , > k,[NO]; thus

Ay 3[NO(v=l)] = k [0][NO] = 6.0 x 10"*'exp(-1875¢,/T)[NO] (0] ,

with the emission rate directly proportional to [0] and [NO] and an
exponential dependence upon temperature, Although [0] and [NO] can
sasily be uncertain to greater than a factor of 2, it should bs noted
that a 10% increase in tempsrature for T in the 3CO K range can also
double the volume emission rate as shown in Figurae 14.

2.5,2 C0,(001) 4.3-um AURORAL EMISSION

Large enhancements in the 4.3-im emirsion during aurora have been
known since the ICECAP experiments?:’ of the early 1970's, Figure 15
shows a number of zenith radiance profiles measured during the ICECAP
program. The snhancements in the 75-95 km region are orders of magni-

tude., These zanlth-viewing measurements have been extensively ana-

98, Gerard, J.-C., and Barth, C.A. (1977) Hir'.-latitude nitric oxide
in the lower thermosphere, J. Geophys. Res. 82:674-680,

99, Cravens, T.E,, Gérard, J,-C,, LoCompte, M , Stewart, A,I., and
Rusch, D.W, (1985) Tha global distribution of nitric oxide in
the thermosphere as dotesmined by the atmospheric Explorer D
satellite, J. Geuphys. Res. 90:9862-9870,

93




Altitude (km)

160

R
150 -
140 .4
130 Ny
120 ..J
110 § +++ High [NO] N
’ a2 Moderate
100 * K% T | |T N
- [0]—+=2[0
90 § L ! L_[] ! 1
0 0.5 1.0 1.5 2.0 2.5x108

Volurme Emission Rate (Photons/cm> s)

Figure 14, Sensitivity of NO Alrglow to Model Parameters as Discussed
in the Text. Standard model (+) uses the high NO profile and ()
represents use of the moderate NO profile (see Fig. 4); (%*) for rase
T'ml.1 T shows the large sensitivity to temperature; (-) indicates the
increase due to doubling of atomic oxygen profile.
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lyzed and modeled by Rumer.2*:1% The predominant mechanism was de-
termined to be the neat-resonant transfer of vibrational quanta

between N;(w=1) and €0,(001),

Nj(w=0) + €0,(00L) ? CO,(000) + Ny(w=1), R22
AE = 18 end | '

Ky = 1,71 x 107%exp(-175.3/T"3) + 6.07 x 10" Mexp(15.27/1*%)

w 8 x 107" om® sec™? at 200 K.

Since N, is a major constituent of the atmoaphere, it absorbs much
of the energy of the precipitating electrons, N,(v) is populated by
collisions with secondary electrons in the 2-5 eV range and by the

chemical reactionsi®?
N('S) + NO = Ny(v) +0 R7

k, = 7.0 x 107" em® sec"?

0('D) + N, =+ Np(v) + 0O R36

kyg = 1.8 x 107*exp(107/T) em® sec™?,
where 2.82 N, vibrational quanta (B,,) are produced per reaction R?

and 2,2 vibrational quanta (B,,) are produced by R6. The sources of
0('D) in the aurora are still a question of debate,10%:104,104 ggpe.

100, Kumer, J,B., and James, T.C. (1974) CO,(001) and N, vibrational
temperatures in the 50 < z < 130 km altitude range, J.
Geophys. Res. 79:638,

101, Slanger,T.G., and Black, G, (1974) Electronic to vibrational

energy transfer efficlency in the 0('D)-N, and 0(}D)-CO sys-
tems, J. Chem. Phys. 60:468,
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cially the branching ratios «f o¢'D) as products in reactions R4, R7,
R19, and K33, The O('D) chemical source does not appear to contribute
more than about 25% of the total Ny(v); thus even an error of about
508 would lead to only about 128 error in total N,(v). The major
sources of N,(v) production per lon pair ave shown in Figure 16. The
nfficiency ¢[Ny(v)] depends weakly on the dosing rate and the [NO]
chenlstry (through R4 and R6 especially). The dosing depandsnce is
most apparent in the crecondary-slectrun contribution. At higher dos-
ing levels and cdfrespéndiﬁg]y filgher plaéma dengities the few eV
aluctrons gyarc to lose a larguy proportion of their energy to heating

the amblent electrons at the ezpense of nxciting N,(v), We have used

" the IBC I1I walue for our standard avroral model since it i represen-

© tatlva of bright auroras where erhancements are large.

' | The proper treaiment of che CO, v, radiarion is more compler than

-thelNO'and NOf‘prompt radiation, The relatively slew N,(v)-C0,(001)
transfer leads to delayed emission. Furthérmore, the C0,(001) radia-
tion is optically thick below 100 km for radiation to space., Thus

photons are raabsorbed and can be converted by collision with N, back

102. Link, R. (1983) A rocket observatlon of the 6300 A/5200 A
intensity ratio in the dayside aurora: Implicastions for the

production of 0('D) via the reaction of N(ZD) + Q, » NO +
0('D), Geophys. Res. Lett, 10:225-228,

103, Ruech, D.W., Gérard, J,-C,, and Sharp, W.E. (1978) The reaction
of N(ZD) with 0, as a source of 0(1D) atoms in aurorae,
Geophys. Res., Lett, 5:1043,

104, Langford, A.0,, Bierbaum, V.M., and Leone, $.R. (1985) Auroral
implications of recent measurements of 0('s) and 0(10) forma-
tion i{n the reaction of N' with 0, Planet. Space Sci 33:1225-
1228,
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Various Sources for IBC II1I Dosing. Curve 1 is O(lb) + N, due to
0('D) from 0;' retombination; (2) 0('D) + N, with O('D) from the N¢2D)

+ 0, reaction; (3) total contribution from O(‘D) + Ny (4) contribu-
tion from N + NO; (5) total chemicnlly produced N,(v); (6) secondary
electron production of N, (v).
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into N,(v). Since radiation from CO,(001l) 1s trapped, the effective
lifetime of a vibrational quantum is much longer than 1/A, ,,. For
this reason, as showa by Kumer.?*, weak bands (and also some hot bands
and isotopic bands) are important. The problem it also time-dependent
due to the relatively long vibrational transfer time for the reverse
of R22, Above 90 km the transfer time lengthens from abot ! minutes
to more than 20 minutes above 100 km, Above about 110 km there is im-

portant atomic oxygen deactivation of N,(v) vial®®

Ny(v=l) + O = N,(v=0) + O, R23

ky; = 1.07 x 107 %xp(-69.9/T'%) em® sec™l.

Thus N,(v) becomes uncoupled from CO0,(001). However, at any alti-
tude above 90 km, the vertical optical depth is sufriciently low, so
that the rate determining step for the loss of vibrational quanta is
Np(v) = €0,(001), Figure 17 shows the N,(v)-C0,(001) time constant as
a function of altitude. The CO, 4.3-um radiance is delayed from the
dosing that excites the N,(v). There is no way to define an efficien-
cy that is independent of time. The N,(v) and C0,(001) densities must
be solved as a set of time-dependent equations with the added compli-
cation of the optical thickness in the CO, v, band.

Kuner?*:1%° hag had success in modeling zenith 4.3 um radiance us-

ing a number of simplifylng approximations. He has used a band model

105. Taylor, R.L. (1974) Energy transfer processes in the strato-
sphere, Can, J. Chem. 52:1436-1451,
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that is further approximated by assuming a constant temperature (and
thus lineshape). Above 90 km where only the strong CO, 626 (001-000)
band is significantly self-absorbed (about 20% ¢f the photons escape),
Kumer f£inds that he can largely uncouple the weak bands by using what
he calls the Qw approximation. Kumer sats up the couplad equations

for the CO, bands with deasity [n,] which we present in our slightly

modified notation as

d »
"%\tl]' = K £,160,1 M) ~ [n1(N;]) = (Ay + A 548y + ko [M])[0y]
+ Aﬁ.zofwjma'ﬂbp(wﬂna - NJ'I][ [nJ(Nd')] h [nJ(NJ)]] ' (2-31)

where A, is the Einstein coefficient for transitions from (001) to
(020) and (100) (which are sc small they can be neglected as loss

texms above 90 km but contribute to LWIR radiation at 9.4 and 10.4 um)

and ky, = 1.0 x 107%% 4+ 5.2 x 10" axp(-76.8/1"") is the rate con-
stant for the quenching of €0,(001) by air (exclusive of vibrational

transfer). Here N, is the column density of the lower state of the

3™ 1sotopic or hot band of €O,
N, = 8z' £,(2') (CO,] , (2-52)

ard fJ is the coriresponding fractional abundance; E; is the escape

function for the v, transition obtained from the band functions

Ey = By, (wjoN)) + By (nyo|8, - Nj|), (2-53)
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whers N, =~ N,(z;) and z; is the lowar boundary and ¢ is the band-

"averaged" cross section!®

£

ionea

12
Lo

ne?
me

(2-54)

g =

Hexe e is the charge of the elactren, m, is its mass, £ is the oscil-
lator strength (related to the band strength!®®), and vp is the Dop-

pler width!®””, The weighting factor w, takes into account the number
of lines in ths.weak band compared to the number of lines from the 626
isotope. (For example, w, is 1/2 for isotople bands 627 and 628,
which have twice as many lines since both odd aﬁd even J are allowed.)
The intogral term represents the excitation of the j“h €O, v, band by
radiation emitted from all other levels. The band functions N, and
B, are as defined by Kumer,®

A companion equation is obtained for the vibrationally excited N,

(N,'-N,(v-l)) vhere we have assumed all N, vibration relaxes to v=1

(N;(ven) + nN,(v=1)) before it is quenched,

$mv') - ku'}"s,(tnmnz] - £,1N,"11¢0,1)

- (KyolO) + Kyqy[01)(N;") + e(N,(v))q + P, . (2-53)

Here k

1y is the effective quenching rate of N,(v=1) by 0,. At alti-
tudes above 90 km this term is negligibla, Thic is because

106. Penner, S.8., (1959) Chapter 2 of Quantitative Molecular
Spectroscopy and Gas Emissivities. Addison-Wesley, Reading,
Massachusetts, p. 21,

107. Reference 106, Chapter 3, p. 31,
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Ny(vel) + 0, = O,(v=l) + N,(v=0) R11

Ky = 1.7 x 10 Yaxp (-124/T%) cm5 sec!,

so that at 200 K k,, ~ 1.08 x 1073%, and the lifetime for N,(v~l)
against k,, is longer than 1/(1.08 x 10°%)(1.5 x 10'*) sec =

6.2 x 10° sec. The auroral production term is the efficiency e¢(N,(v))

times the lon-pair production rate q, We have included a smeparate

time-independent background production term, P,, accounting for earth-
shine and collisions. The effective production rate, P,, when com-
bined with the radiative loss by CO, and quenching, ylelds the assumed
steady-astate vibrational tenmparature., Since we do not wish to carry
out the full NLTE calculation of the background vibrational tempera-
ture in AARC, we supply the background CO, v, temperature and from the
steady-state equations calculate P,. In this manner we simplify the
calculation while still assuring that after the auroral production
ceases our solutions will asymptotically approach the background (and
initial) solution.

Our equations for the coupled N,(v) - CO, v, system involve fur-
ther approximations, Reactions R7 and R36 produce an average of 2.82
and 2,20 vibrational quanta in N, per reaction.®® The actual distri-
bution of this quanta among vibrational levels is unknown. The exci-
tation of N;(v) by secondary electrons up to v=10 is calculated using
known cross sections. However, there is fio quantitative kinetic data

concerning the relaxation of high v levels of Ny(v) by N,, 0,, 0, and
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C0,. Thus we have made the approximation that all N,(v) relaxex to
v=1 without quenching. This is probably an unrealistic assumption
since Ny(v) vibrational relaxation (V-V) with N, is slow, However,
quenching by other molecules is also extremely slow. Our assumption
will not be very inaccurate if quenching of higher v levels occurs at
the same rate as v=1 assuming that all quenching involves only one
quantum at a time. It is likely that the V-V transfer with CO, is
slower for v>1 since it is less resonant by about 28 em™! for each
higher v. Transfar of multiple quanta, for example N,(ven) + €0,(000)
=+ Ny(ven-2) + C0,(002), is unlikely, and there is no evidence of v,
bands in the spectra of aurora or laboratory simulations with v,' > 1,
There is & need for more lahoratory work to determine the kinetic pa-
rameters that control the relaxation of N,(v), as well as an efficlent
method for remotely sensing the population of N,(v) in the upper at-
mosphere,

Even with the approximations noted above, the set of coupled equa-
tions for [N,'] and [n,] ere quite complex and the solution of these
equations is too lengthly to be repeated at each time step when the
equations are finite differenced in time, The time consuming step ls
the calculation of the integral term involving pr.in Eq. (2-51),
which represents excitation of CO, at altitude z by radiation emitted
from all altitudes z'. The accurate and efficlent solution of thess
coupled equations requires the construction of altitude layers optim-
ized for the changes in optical depth, not the equally spaced A=2km

used in the photochemical calculations.

104

BT T




AT LT AP RRER Tt m st & e

Kumer assumes complete frequency redistribution in each line,
which means that the relative emission rate for each rotational line
depends only upon the local rotational temperature (assumed in equi-
librium with the kinetic temperature) and does not depend upon the
amount absorbed in each line, This approximation is good 1f the time
constant for obtaining rotational equilibrium is shorter than the ra-

diative lifetime. However, Kumer further simplifies the problem (as

do many others such as Deggesi®®) by assuming the the lineshape is

independent of altitude, and that the Doppler width and the CO, (001)

rotational temperature is fixed at 225 K or alternatively he uses a

Lorentzian width appropriate to the pressure at 350 km. This assump-
tion makes E,, and H,, functions of the column amount, N, only, al.
though the line shape in reality depends upon the temperature (affect-
ing the Doppler width) and the pressure (affecting the Lorentzian
width) of the atmosphare along ths column, Kumer then calculates a
table of plane-parallel band functions as a function of Ne¢ that can be
interpolated for the column amount appropriate to any layer. It would
be reasonable to assume that solutions that are labeled Voigt should
be more accurate since the Voigt lineshape 1s more appropriate than
the Doppler profile. However, use of the 50 km Voigt lineshape
throughout the atmosphere could result in a larger error since the
50-km Voigt profile greatly overestimates transfer in the pressure-

broadened wings at higher altitudes., The assumption of constant tem-

108, Degges, T., and Smith, H.J.P, (1977) A High-Altitude Infrared
Radisnce Model, AFGL-TR-77-0271, AD A059242.
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perature of 225 K 1s probably a better one since the USSA 1976 atmos-
phere varies from a low of 187 K at 86 km to 240 K at 110 km (where
CO, is optically thin), The assumption of rotational equilibrium is
inconsistent with fixing the CO, rotational temperature at a value
different than th; kinetic temperature, i
Kumer does not routinaly solve Eq. (2-51) for the time dependent ;
auroral case. Time-independent coupled squations similar to these are
solved for twelve species to obtain the ambient nighttime and daytime
C0, vibrational temperaturesi®® in the 50-130 km rangs. The 11 CO,
bands include fluorescent bands that are only important during
daytime, and isotopic bands of the [011-010) ssquence that are
negligible, especislly at auroral altitudes, Thus in our calculations
we include only four ilsotopes, namely 626, 636, 627, and 628 (627 is
12c 169 170), of the (001) ~ (000) transition and the 626 hot band
(011) - (010). This hot band is most likely populated since the v,
mods (AE = 667 em™!, 960 K) is populated at 0.8% of the ground state
for a vibrational temperature of 200 K. In our calculation we take a
fixed ambient v, vibrational temperature from Kumer's caleulation. At
this time there is no accepted mechanism for enhancing the €O, v; tem-
perature by auroral chemistry, The very low excitation threshold,
however, makes calculation of secondary slectron excitation very un-
certain (as mentioned sarlier). Also, the ufficient collisionsl exci-
tation by atomic oxygen"® means that any auroral mechanism must be
quite efficient to compete. Thus we do not expect the v, temperature

to be noticeably affected by the auroral deposition. However, the
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accuracy of the v, calculation will be directly reflected in the hot
band radiance. An accurate calculation by ARC of the v, temperature
for the appropriate model atmosphere will bs included in a future
update,

As shown by Kumer,3* even total neglect of the weak bands gives an
offective lifetime for N;(v)-CO; vy vibrational quanta that is within
10-158 of the 12 state calculation at altitudes above 90 km, Thus the
weak bands are not going to contribute mors than about 15% of the ze-
nith radiance at 90 km., The total lower state population of the weak
bands 1s only about 2,58, a factor of 6 less, indicating that optlcal
thickness in the major isotope fundamental is important. For limb
viewing lines-of-sight this optical thickness will bs even more pro-
nounced due to a factor of about 40-70 more CO, absorber in the path.
The CO, optical depth is no longer moderate, but is very large, simi-
lar to the vertical path from about 70 km. Ws know that an accurate
radiative transport calculation is necessary. We thus chose to use a
line-by-line method adopted from the non-local-thermodynamic equilib-
rium code called NLTE which {s well documented slsswhere, 33

The module CO2 first integrates the continuity equations for the
five CO, v, species and N,(w=l) for a user-determined length of time.
The user also chooses the time after dosing t. at which the radiance
is to be calculated. Since this time may not coincide with a time
step of the integration in the subroutine SLOWCO2, the vibrntionnl
temperature for the five CO, bands at time t, is obtained by interpo-

lation, These vibrational tempsratures are then input to the limb
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radiance code.

NLTE was modifisd to accommodats the horizontal inhomogeneity of
the auroral atmosphere., For the present case the auroral geometry is
simplifi;d. with just one arc allowed which must be coaligned with
geographic or geomagnetic coordinates, The dosing is uniform within
this domain and thus the calculated vibrational temperature from
SLOWCO2 is used in this region, and the background vibrational temper-
atures for the rest of tho LOS, Since SLOWCO2 calculates only the
temperature for the v, transitions, the temperature tor the (0il)
stace must be converted to the vibretional temperature with respect: to
the ground stute before it ia input into NLTE.

The large optical depth of the CO, 626 Isotope for radiation in
the 4.26-um band has significant inplications for the limd apectral
radiance, Although an IBC II aurora will lead to about a factor of 10

increase in the (00)) density, for many LOS geometries it can lead to

‘negligible increass in the limb radiance. For a 100-km-long aurorally

dosed path at or on the far side of the 100-km-altitude tangent point,
the total 4.26-um band limb radiance observed at 300 km is not signif-
icantly greater than the background, Figure 18 shows a low-resolution
spectrum of IBC II and IBC III aurora for tangent height near 100 km
compared to the quiet background. If the arc 1s moved toward the
observer so that the radiation passes through less atmosphere, the
radiance observed increases. The preportion of prompt NO" radiation

compared to the slow CO, emission in the 4.3 um region can vary great-

ly with the geometry of the auroral arc along the LOS.77 Interactive
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Height of 100 km. Auroral dosing occurs over 112
km of the LOS spanning the tangont point. Only
€O, 626 v, band is shown,
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use of AARC is a conveniert way to explore this dependence upon auro-
ral LOS geometry, It empliasizes the care that must be taken in ana-
lyeing auroral limb-viewing experiments. Without ground-based (or

sutellite-based) information defining the horizontal location of the

dosing regions and predosing, it is difficult to interpret the rela-

tive importance of CO, and NO* emission, even with good spectral reso-
lution,
2,6 Auroral Arc Specification

Auroral dosing occurs wlth tha greatest frequency and strength
within a rangs of geomagnetic latitudas known as the auroral oval,

The concept of the auroral oval was introduced by Feldstelni®® on
the basis of IGY all-sky camera observations. Thcse observations weve

sansitive to optical emissions from discrete auroras with a miuinum
intenaity of 0.3 to 1.0 kKR! for the 5577 A [01] llne cr 1 to 2 kR

for the 6300 A [0I) lina, Studies by Sandford'!! indicated the exis-
tonce of diffuse aurota co-exis#ting with the discirate aurnra within
ths auroral zone. The diffuse, or mantle, aurnra dercribed by Sand-
ford {s associated with the continucus energetic particla dusing in
the E region of the atmosphere described by Whaien et al 12 1In
contrast to the discrete aurora, the diffuse aurora is continuous in

longitude and slowly varying in time,.

109, Feldstein, Y.I. (1964) Auroral morphology: 1. Location of auro-
ral zone, Tallus 16:232.

110, 1 kR = 1 kilo Rayleigh « 10° photons/cm?-sec inte 4r steradians,

111. Sandford, B.P. (1968) Variations of auroral emissions with time,
magnetic activity and the solar cycle, J, Atmos. Teryr. Phys.
30:1921,
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To a first approximation, the equatorward and poleward boundaries
of the auroral oval may be corsidered circles with centers offset
slightly from the geomagnetic pole, The radll of these circles are

functions of the Q index of geomagnetic activity, with the radius of

the equatorward circle increasing!’® from 17° at Q = 0 to 24° at Q =

7. The poleward circle remains relatively constant at a radius of

approximately 16°, The positions of the centers of the circles are
also functions of Q. At Q = 0, the centers of both circles are offset
approximately 3° from the geomagnetic pole in an antisunward direc-

tion. As magnetic activity increases, the center of the equatorward

boundary shifts to an offset of 5° from the pole while the center of
the poleward boundary shifts to an offset of less than one degrees.
Whalen!l* has shown that the instantaneous energy flux due to the
diffuse aurora {s a simple function of latitude only in a coordinate
system with its pole offset from the geomagnetic pole., In this off.
set pole coordinate system the latitude I’ of a point on the earth of

constaut energy flux is given by

112, Whalea, J.A., Buchau, J., and Wagner, R.A. (1971) Airborne iono-
spheric and optical measurements of noontime aurora, J, Atmos,
Terr. Phys. 33:661.

113, Starkev, G.V. and Feldstein, Y.I. (1967) Variations of auroral
oval zone boundaries, Geomagn. Aeron. 7: 62.

114, Whalen, J.A. (1983) A quantitative description of the spatial
distribution and dynamics of the energy flux in the continuous
aurora, J, Geophys. Res., 88:7155,
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[ = Agg + 8,0088T(UT - UTy) (2-56)

where Ac; is the corrected geomagnetic (CG) latitude, ¢, is the CG co-

latitude of the offset pole, found to be 4,2°, UT i{s universal time,
and UT,, is the universal time corresponding to CG local midnight. In
this offset-pole coordinate system the energy flux, &, in erg om™2

sec'l, is described by a Gaussian in I,

o - @mexp[ %(P—-‘,-PM]Z] . (2-57)

where & .. is the maximum of the energy flux, I, is the latitude of
the maximum, and the Gaussian standard deviation o is typically 1.4°,
while I, and &, are typlcally 71° and 1 erg cm™?sec™!, respective-

ly.

Although the diffuse aurora accounts for the greater part of auro-
ral dosing to the earth,%® it is not associated with any appreciable
infrared enhancements. Large infrared esnhancements tend to be associ-
ated with the occurrence of discrete auroral arcs.

The current version of AARC assumes a simple geometry for the
dosed region, considered to be an idealized discrete arc. The bounda-
ries of the arc are assum:d to lie along contours on which a geograph-
ic or geomagnetic coordinate is constant; with the region inside the
bounidary dosed uniformly. Thus the northern and southern boundaries

are specified by giving the geographic or (uncorrected) geomagnetic

112
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latitude lines along which they are assumed to lie, and the eastern
and western boundaries are specified by giving their geographic lati-
tude or (uncorrected), geomagnetic local time., The geomagnetic option
is included because there is ample evidencell® that stable arcs within
the auroral oval tend to be aligned along the oval, and hence approxi-
mately in a geomagnetic east-wast direction.

Given the geographic latitude, A, and longitude, ¢, of a point P,

the geomagnetic latitude, A,, may be calculated via the spherical law

of cosinesiit

sin(l,) = ain(Ap) sin()) + cos(Ap) cos(A) cos(¢ - ¢p), (2-58)

where ) and ¢p are the geographic latitude and longitude of the

north magnetic pole (Figure 19) taken to be 78.8° and 69.0°, respec-

tively. The geomagnetic longitude, ¢m. is then given by the spherical

law of sines

sin(g,) = 280 singg - 4)) . (2-59)
m

Care must be exercised when taking the arcsine to find ¢m to ensure

that an angle in the proper quadrant is obtained. In Eqs. (2-58) and

(2-59) the angles ¢, ¢p. and ¢ are assumed positive for longitudes

east of the prime meridian., The geomagnetic local time, t_, in hours

m?

——————— st su—

115, Akasofu, S8.-I. (1968) Polar and Magnetospheric Substorms, D.
Reidel, Dordrecht, Netherlands.

116. Referenca 44, page 66,
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NORTH GEOGRAPHIC
POLE

NORTH
GEOMAGNETIC

(Ap1$p)

(N, )

Figure 19. GCalculation of the Geomaggetic Coordinates of a Point from
the Geographic Coordinates., Here P()\, ¢) is the point of interest
with geographic latitude and longitude )\ and ¢.
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is then calculated by
:n..fw._'l.;m.-.,;uh,

where ¢ is the geomagnatic longitude of the subsolar point,

2.7 Calculation of Line-of-Sight Radlance
Calculation of the infrared radiances over the line-of-sight (LOS)

requires that the path through the atmosphere taken by the LOS be cal-
culated and that the LOS ba divided into a number of segments. After
calculating the position and altitude of each segment, the emissions
from each segment are calculated, The emissions from the segments ave
then sumed, obtaining the radiance as seen by the cbserver,

The AARC calculation allows a 1limb-look geometry, where the cb-
server 1s in space above the atmosphere and looking at space through
the intervening atmosphere (Figure 20). The program will not allow
situations where the LOS passes through altitudes lower than thoss for
which data are provided (currently, 90 km) or where the LOS does not
enter the atmosphere, The altitude of the top of the atmosphere,

z is specified by the user during the parameter input procadurs

max !
and should be an altitude below which complete data are specified,
Currently, complete data are specified for NO and NO* below 160 km,
and for CO, below 140 km. The CO, radiance is very weak above 140 km,

but caution should be exercised when using AARC for tangent heights
above 140 km,
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P(X\,¢)

OBSERVER TANGENT POINT

R(N)+2z R+zrp R¥zyax

Figure 20, Limb-look Geometry.

The user specifies the LOS by glving the altitude, z, the lati-
tude, A, and the longitude, ¢, of the obyerver., The user must also
specify the nadir angle, A, and the azimuth angle, B, of the LOS, The
angle A is indicated in Figure 20 while B is shown in Figure 21. The
distance from the observer to earth center is calculated by adding the
radius of the earth, R(\), at the latitude of the observer to the al-

titude, The radius is calculated via
R(A) = Ryl - a,;sin(2) + a,sin?(2))) , (2-60)

where Ry = 6378.116 km is the radius of the earth at the equator, and

116

3 ,«4{\‘ b ‘AIIK " #')‘ 1§ g
) e

T, Rh
S A

f&;c;\‘n{.\n.

AT



Figutre

P(X, )
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E

TANGENT
POINT

21. The Path of the LOS Along the Earth Showing the
Procedure for Calculating the Coordinates of the

Tangent Point.
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the coefficients &, and a, are 0.003367 and 7.08 x 1078, respectively.
Fallure to use a good local value of sarth radius can result in alti-
tude errors of up to 20 km,

The characterization of the LOS begins with the determination of
the position and altitude of the tangent point. This part of the
calculation is carried out in the spherical-earth approximation, using
the local value of the earth radius R(\;p) at the location of the
tangent point from Eq., (2-60), The angular separation bstween the ob-
server and the tangent point as measured at earth center is (Figure

20)
P, = 90° - A, (2-61)

As may be seen from an examination of Figure 21, the latitude of

the tangent point, App, i given by
sin(Agp) = 8in(A)cos(P,) + cos(A)sin(Py)cos(B). (2-62)

The longitude of the tangent point {s given by

¢TP - ¢ + 6’ (2-63)
where § {8 gilven by
cos(P,) - sin{A)ein(i;y)
cos(s) = :on(}")cos(ﬂ i (2-64)

The altitude of the tangent point, as calculated from Figure 20
and Eq. (2-69), is checked to ensure that the LOS traverses altitudes

lying within the range for which the program has data available and
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that it enters into the atmosphere below z ...

Infrared emissions from NO and NO* are summed over that portion of
the LOS lying between the two points with altitude z,.. This portion
of the LOS intercepts an angle 2P, at earth center, where F; is given

by

cos(Bg) = é-:—:f; , (2-65)

where z,, is the altitude of the tangent point.
The LOS is then partitioned into a number, 2n, of small segments
(currently, 2n = 400), each spanning a constant angle D at earth cen-

ter, where D is given by

D=-2, (2-66)

Knowing the angular separation between the observer and a segment al-
lows the program to calculate the latitude, longitude, and altfitude of
that segment using the same procedure used for the tangent point. The
linear distance from the observer to each segment and the length of
each segment is also calculated,

The coordinates of each segment are compared to the coordinates of
the auroral dosing region and the volume emission rates are calculated
accordingly. These rates are multiplied by the segment lengths and
then summed over the LOS. In addition, the routine calculates a
weighted average of the kinetic temperature over the LOS for each band

system. The welighting function ias the local volume emission rate,
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This resulting effective temperature is later used to distribute the

band radiances over the spectral lines making up the bands.

2.8 Band and Spectral Radiances
2,8.1 SPECTRAL LINE FILES ' |
The chief output of AARC consists two different kinds of line-of- |
sight (L0S) radiances, band radiances and gpectral radiances. Both of '
these forms of output are avallable for all bands of all species in-
cluded in AARC,
Insofar as is possible, the source of data on line positions and

strengtha is the HITRAN database, or AFGL line compilation®-?7, This

databaso is extensive and, in the 1982 version,®*® consists of two
parts, the main compilation and the trace-gas compilation. In the
1986 version,?’ the two parts were merged, and the format of the list-
ings was changed. Since the line tapes are blased toward radiators
lmportant in the neutral troposphere and stratosphere, wherse local-
thermodynamic-equilibrium (LTE) cunditions prevail, it is lacking in
several bands and radiators of importance in the infrare¢ emissions of

the auroral thermosphere., These include (1) lines of positive ions

such as NO* and (2) lines originating in highly excited vibrationa),
states of neutral molecules populated by anergetic-elsctron-induced
chemical reactions, Therefore, AARC has extanded and enlarged the
HITRAN database whers necessary.

The AARC code follows the 1982 version of the database and pre-

serves its format in the AARC line files in all ways except one;
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FameRES;

Hgder .

~v1ualy, the absorpt... iine intensity parameter S [cm™l/
(zvlecisle/cm?) ] at reference teuperature T, = 296 K appearing in the
AFGL compilation is replacec by the Einstein A-coefficient A [sec™!].
The A-coefficiznt is not proportinnal to the LTE population of the
lower state for the transition, as the line 1ntenni£y $ is; moreover,

unlike §, it is directly related to photon emission rates. Hunce,

‘considerable execution time is saved by calculating the Einstein coef-

ficient once and for all and storing it permanently in the AARC line

file. The A-coefficients are calculated from the lina intensities by

using the relation (sees, for example, Sharma et al?®)

1

- mov,s BIf 5C2, Ui T,) cemf 22T )
Ay = Brov, %[W 1 exp( ; ] . (2-67)

In this equation A,j is the Einstein A-voefficient for the transition

from the upper state u = (v' ,J'} to the lower state 1 = (v",J"}, v and
J being the vibratioral and rotational quantum numbers; ¢ is the spoed

of light; g - 2(2J"+1) and B, = 2(2J'+1) are the degeneracles of the

lower and upper states, respectively; C, = 1.4388 K/cm™ is the second
radiation constant; v, = E, - E, is the transition energy in wave-
number, where E;, and E; are the energies of the lower and upper

states; P, 1s the occupation probability for the lower state, given by

4 . ¢, B
Pi(T,) = 57{:; exp( - -—2'1.:-1-) . (2-68)

where Q is the overall partition function,

The new line file used by AARC, with A-coefficlients replacing line
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intensities, in also ordared differently than the HITRAN databaae;
this is accomplished by sorting it into bands, according to the values
of v' and v", then into sub-bands 1f any, and finally into branches,
The AARC line file is also‘extendcd whers necessary beyond the bands
appearing in the AFGL line compilation by adding lines in the same
format as the rest of the file, The details of how this i1s accom-
plished depand on the species and transition involved, Each of the
band systems will now ba discussed in turn, |

2,8.1.1 No(av = 1, 2)

The NO fundamental and overtons ro-vibrational transitions are
complicated by the fact that the ground electronic state of NO is a 2II
state, with projection of elactron orbital and spin angular momentum
on tha internuclear axis given by A = 1 and £ = 1/2, respectively, and
having an angular-momentum coupling scheme!l’ intermediate betwcen
Hund’s case (a) and Hund’s case (b). The transition is thus a 21 - [
transition with a total of 24 branches obtained as follows: There are
four gub-bands corresponding to the four possible transitions among
the two fine-structure levels, split according to the total electron
angular momantum along the internuclear axis, (1 = |A + E| = 1/2, 3/2,
by the spin-orbit interaction; in addition, there are threa branches
(P, Q, R) within each sub-band, and finally each branch is split
further into two by A-doubling, resulting from the interaction

between e¢lectronic motion and nuclear rotation,

117. Herzberg, G. (1950) Molecular Spectra and Mojecular Structure
1. Spectra of Diatomic Molecules. D. Van Nostrand Co., New
York,
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Designating the sub-bands by the initial and final values of elec-
tron angular momentum, {}' and Q", they fall naturally into two groups,
the 1/2-1/2 and 3/2-3/2 corresponding to intramultiplet transitions
and the 1/2-3/2 and 3/2-1/2 corresponding t intermultiplet transi-
tions. The intermultiplet lines violate the Hund’s case (a) selection
ruls A = O and are weaker than the corrssponding intramultiplat lines
by four orders of magnitude; hence, they are deleted from the line
file. In addition, the splitting 4v resulting from A-type doubling
can safely be ignored since it vanishes as J = 0 and nevar amounts to
more than ~ 0,1 cm™}, even at high J values. This is accomplished by
averaging tha transition frequencies and lowar-state ensrgies of the
two components of a A-typa doublat occurring in the AFGL compilation
whils sunming their line intensities; the result is a replacement of
the doublet by an equivalent line at frequency <> =~ (v, + v,;)/2. As
a repult of these manipulations, the 24 branches appsaring in the NO
spectrum are reduced to 6, namely P, Q, and R branches for the 1/2-1/2
and 3/2-3/2 sub-bands,

The NO lines on the AFGL compilation do not extend to the highly
excited vibrational states necessary to describe chemiluminescent au-
roral emissions; the highsst lying lines in the compilation are (5, 4)
for the fundamental series and (6, 4) for the first overtone series,
The lines have been extended through (12, 11) and (12, 10) by using
Billingsley’'s line positions®® and by scaling the line A-coefficients
as discussed in Section 2.4.2 for the band A-coefficients,

Some properties of the NO bands included in the AARC line file are
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listed in Table 6. A sample of some of the NO lines froum the AARC
lina file is included in Table 8,

2.8.1,2 NO' (Av = 1)

Since the HITRAN data base contains no ionic lines, NO* ro-vibra-
tional lines for the simple I’ electronic ground state have been
generated i{n the forimat of the compilation using empirical spectral
parameters, The parameters ussed are listed in Table 9,

The production of NO' by ion-molecule reactiﬁns involving auroral

lons results in a vibrationally hot distribution of No*(v) excited
states; consequently, bands up to (14, 13) have been included in the
AARC line file. The overtone bands have not been included in the data
base because thelr intensities are so much weaker than those of the
fundamental bands; however, there 1z no rsason why thay could not Le
included should the situation warrant it, Some characterigtics of tha
NO* bands are listed in Table 7, and a sampls of the NO' spectral

lines is included at the bottom of Table 8.
2.8.1.3 CO, Vv,

There ars five CO, v, bands appearing in the AARC line fils; all
of them have been selected from the AFGL line compilation. In addi-
tion to the main band 00°1 - 00°0 (00011 - 00001 in the notation of
the HITRAN compilation), we have included a hot band 01'1 . 01%0 (or
01111 - 01101) involving excitation of the v, mode, and three Lsotopic
bands involving replacement of %0 by 70 or %0 or rnplacement of 3¢
by 1%C, In the notation of the HITRAN compilation the normal €O, iso-

tope is designated 626 and the three minor isotopic bands included are
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Table B, Sample of the AARC NO aad NO' Line File, LINE25.

1 2 3t 4 5 6 7 8 9 10 11 12
1736.6724 5.3398+00.0430 21561.927 1 0 1/2-1/2 P 35,5 382 4t 8
1741,1678 S5.375E+00,0430 2043,652 1 0 1/2-1/2 P 34,5 382 46 8
2161.2798 4.,327E+00 3100,664 1 0 NO+ P 39.0 46
2166.6829 4,361E+00 945,631 1 0 NO+ P 38.0 46
1. The wavenumber of the transition in cm™,

10.
11,
12,

. The Einstein A-coefficlent for the transition (sec’?).

. The pressure broadening coefficient, a, in cm™! per atmosphexre. The AARC

caloculation assumes that the linewidths are narrower than the resolution
of the instrument., Therafore, these data are not ugsed. The values of a
are missing for NO* and for some NO lines.

The emergy, B", of the lower leval of the transition in em™?

. The vibrational quantum number, v', of the upper level of the transition,
., The vibrational quantum numbsr, v", of the lowar level of the transition.

., In the case of NO this field identifies the electronic transition

involved, All NO lines used are intramultiplet lines., In the case of NO'
this field is used to identify the species,.

. The branch of the transitlon.

. The angular womentum quantun number, J", of the lower level.

AFGL, {dentificaticn code®, Not applicabla to NO*.
Isotope uode®?,

The AFGL moleoule code®® for NO, Not applicable to NO*

tThe velues in Fleld 3 begin with a decimal point, Thera is no separation
in tha computer listing between Flelds 2 and 3.

BN e P R I
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Table 9. Empirical Constancs for NO* Line Positions

Parameter Valua (cm™?) Referenca
we 2376,721 Billingsley (1973)%®
wexe 16,2553 "
weye -0.01560 "
weze 0.0 . "
B, 1,997 Huber and Herzberg (1979)°
a, 0.01879 "
D, 5.64 x 10°° "

the 00011 - 00001 bands of the 627, 628, and 636 isotopes. Since the
fractional abundances of the C and 0 isotopes are all s 1%, the abun-

dances of CO, isotopes with two isotopic atoms, such as 637 or 828,

are = 10™*, and the latter can safely be neglected, Some properties
of the five CO, bands included in AARC are listed in Table 10, and a
sample of the AARC line file’'s CO, lines is tabulated in Table 11.
2.8.2 BAND RADIANCES

The band radiances for €0, are obtained by summing the line radi.
ances calculated by the NLTEA line-by-line radiative transfer code,

described above in Section 2,5.2. 1In the case of the other (optically

118, Billingsley II, F.P. (1973) Calculation of the absolute infrared
intenuities for tha 0-1, 0-2, and 1-2 vibrational-rotational

transitions in tho ground state of NO*, Chem, Phys. Latt,
23:160-166.

119, Huber, K.P., and Herzberg, G. (1979) Molecular Spectra and

Molecular Structure IV. Constants of Diatomic Molecules,
Van Nostrand Rienhold Co., New York.
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Table 10. Band Parameters for CO, Transitions.

Tsotope v v'! dighest Lowest Band
Wavenumber Wavenumber Origin
(em™1) (em™?) (em™1)

626 00011 00001 2210.011 2396.840 2349.143
636 00011 00001 2182.035 2330,934 2283.488
627 00011 00c01 2249 ,605 2383.371 2340.014
628 00011 00001 2236.712 2375.427 2332.113
626 0111l 01101 2227.570 2383,807 2336.633

thin) radiators, the band radiance is calculated first using band A-
coafficients computed as described in the next paragraph; then the
band radiance 1s distribuled over the lines in the band assuming rota-
tional equilibriuwm at a rotational temperature equal to the kinetic

temperature (T ., = T,, =~ T).

rot

The band A-coefficiants are calculatod from the A.coefficients of
the individual lires composing the band by swmming over final (lowor)
states and averaging over initial (upper) states. It is assumed that
the vibratisnal population is distributed over the rotatioral levels

according to the boltzmann distribution. Thus the rotational-equilib-

rium band A-coefficiant 1a glven by

Byrge(T) = J'ZJ" 8,1 Puly (T) (2-69)

where Py ., is the conditional probability of occupying the state ' =

(v', J'), given that .he molecule {s in the v' vibrationel atate. The
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Table 11, Sample of the CO; Line File, LCO2.

1 2 at 4 5 6 )-8 9 10 11
2182,0352 7,529E-27,0490 3622.346 00011  00UGOL P 96 482 636 2
2184.,6850 1,517E-26,0500 3474,203 .000X1 00001 P 9% 482 636 2
2187.3124 3,008E-26.0500 3327.124 00011 00001 P 92 482 636 2
2188.5125 3,830E-27,0540 2440,727 00011 00001 P %1 482 638 2
2189.6854 5,052E-27,0540 2380,833 00611 00001 P 80 482 638 2
2189,9175 5.876E-26,0510 3187.113 00011  000OL P 90 4:2 636 2

1. The wavenumber of the transition in cm™®,

2, Line intensity, 8, per absorbing molecule at 296K, (em™ / molecule-cm™),

3. The pressure broadening coefficlent in cm™ per atmosphere.

4, The energy, E", of the lower level of tha transition in em™,

1

5, The designation®® of the upper level of the transition.

6. The designation®® of the lower level of the transition.

7. The branch of the transitlon.

8. The angular momentum quantum number, J*, of the lower level.

9. AFGL identification code®s,

10. Isotope code™,

11. AFGL molecule aode®’,

The nurber 2 js the code for CO,.

tThe values in Field 3 begin with a decimal point.
irn the computer listing between Flelds 2 and 3,

l2¢

There 1s no separation



conditional probability can be expressed in terms of the rotational

parvition function Q,.(T) by

: ¢ .
Pu'vi(T) - 6"‘% exp[ - T%(EV',J' - EV',D) ] ’ (2‘70)
where
C
vi (T) = ; gu GXP[ - 'Tz‘(EV-'Jn - Ev:'o) ] ' (2"'71)

Note that P,|,. is defined so that it sums to unity,

%:Puw(T) -1, (2-72)

The values of A, and Q, calculated for T = 273 K using Eqs. (2-69)

and (2-71) for both NO and NO' are listed ia Tables 6 and 7.

The band radiances (photons ¢m™? sec™! sr"l) for NO and NO* are
computed from the baiud A-coefficients by multiplying the A-cuefficient
by the local value of the upper-state density divided by 4»x and inte-
grating along the LOS, as described in Section 2.7. The effective
emission temperature of the band T ,.(v',v") is also calculated by
sumning the lecal temperatures along the LOS, weighted by the fraction
of the total band radiance arising from the local volume element,

(Sec Section 2.7.)
2.8.3 LINE RADIANCES - OPTICALLY THIN CASPE

Once the hand radiances for the optically thin rediators are ob-
taiiied, the line radlances (photons cm™? sec'? sr™!) follow from the

approximation that the total radiation in the band (v',v") cen be dis-
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tributed over the contributing lines as if their upper states were in
rotational equilibrium at temperature T,,(v".v"). Denoting the total
band radiance by sa(v’,v") and the constituent line radiances by

85 (v',v"). we car then write

A 4 Pyiy
ST VT, ) - ey, ) bl (2-73)

Jn%; nAu-l Pulv.

from which Eq. (2.72) glves the obvious result

gy(v', V') = JZ 85,00, VI, ey (2-74)

’I\".

All of the line radlances so calculated are written to a File of radi-
anc#s and correcponding line positions for use in generating spectra,
2.8.4 SPRCTRAL RADIANCES

The spectrum I(v) (phutons em'? sec*! sr™! cm) resulting from the
line-radiance file generated by Eq, (2-73) is a spectrum of weighted
unit impulses, or Dirac delta functions, having zeic width (a "stick"

spectrum),
1) = ; s 60 - v (2-75)

Here 1 is a isbel for a spectral liue, and {v,, s,) are the set of
frequencies Yai and radiances s(J', v' ; J", v") read from tha AARC
line-radiance file. Since we wish to restrict AARC to a minimum rese-
lution = 0.1 cm™}, snd the infrared emission lines 'from the lower

thermosphere have widths < 10°% em™}, for all practical purposes the

atmospheric lines can be considered to be delta functions.
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The thermospheric earthlimb spectrum of Eq. (2-75) i broadened by

the spectrometer used to observe the earthlimb speoctral radiance, so

that the observed spectrum I’'(v) (photons cm™® gec™! sr™! cm) 1s the
cornvolution of the true spectrum I(v) with the spectrometer’s instru-

mental lineshape or spectral spread function G(v), that is,

Cad
I'(v) = G(v) o I(v) -.I ' G - v') 1) . (2-76)

Upon substituting Eq. (2-75) into this expression, one smees that I'(v)
1s a sum of the line radiances s, weighted by the instrumental line-

shape at distance v - v, from line center,
I'(v) = T8 G = v (2-77)

We can require, without changing the problem in any assential way,
that the instrument conserve the total energy flux. Provided the
width A of the response function G(v) is much less than the optical
transition energies v,, this is equivalent to the requirement that the
photon number flux s, be conserved. Using Eqs. (2-76) and (2-77),

this requirement can be stated

s,-.rdvI(u)-J‘duI'(u)-Eai- 2 a(v', v .
0 0 ] v,
(2-78)

Equation (2-78) requires, in turn, that the lireshape function bs nor-

malized,

131

e A I R
S PR PRI 1 o ¥ e 1 A R



o

f G -y =1, (2-79a)
0

which can also be written

J’ d(fv) G(bv) = 1 , (2-79b)

provided, once again, A << v,. Because of this condition, one may
conveniently replace the lower limit in Eq. (2-79a) by -« and set vy =
0.

AARC provides the user with a choice of several spectrometer line-
shapes. Currently, four different lineshapes are included in the code
and are avallable for use, If A is the full width at half-maximum
(FWHM) of the lineshape function, then the lineshapes supported by
AARC may be written as follows:

a) triangular lineshape

A—L%ﬂﬂ ( 16V 1 &)

G(Sv) = { a : (2-80)
0 ( 16wl > &)

b) Gaussian lineshape

G(6v) = aﬁm exp[ %[%%)z] , (2-81)

where o, is the Gaussian standard deviation and is related to the

FWHM by
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¢) sinc lineshape

G(év) = :,1; linc(%%] - ;—1‘; lin[n' %%

where

o= 3 = ey

e gl 4

squation

1 unxo-,}xo ;

d) Hamming lineshape

e) rectangular lineshape

o _{ A Ciovi s a)
4] ( 16vl > A)
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G(6v) = é: {°o linc%% + ¢y [sim(g-a%i!) + sinc[6

where c, = 0,538357 + 0,54 and ¢, = 0.230822 « 0.23;

(2-82)

(2-83)

(2-84a)

and X, ~ 1,8955 is the smallest positive root of the transcendental

(2-84b)

)1}

(2-85)

(2-86)

The first two lineshapes (4 and b) are, in general, appropriate
for dispsraive spectrometers while the latter two (¢ and d) are more
suitable as unapodized and apodized two-beam interferometer spectral

response functions. Lineshape ¢ is a sinc furction, obtained by




'

I A

Fourler transformation of a square weighting function, or rect func-
tion, rect(x), while lineshape d, the Hamming lineshape, is the

Fourier transform of the raised cosine weighting function,

¢ + 20, cos( I:‘:) ¢ IR s Xp,,)
wx) - { 0 " Cixl > %) (2-87)

Notice that ¢, + 2¢, = 1.0000, so that ths Hamming weighting finction
w(x) takes on the value unity at the point of equal path difference
X = 0; hence, the norma)ization condition, Eq. (2-79), is satisfied.
The function w(x) drops cosinusoidally to a value of ¢, - 2¢, = 0.08
at the point of maximum path difference x = x,. . Its transform, the
Hamming lineshape, thus consists of the weighted swn of three sinc

functions, one centered at v = 0 and two centered at the displaced

values to,, where o, = £(2x,,)"! is the half-width of the sinc
function defined in Eq., (2-83). The Hamming function has a central
peak twice as wide as the sinc function, but its sidelobes are much
smaller than the those of the sinc. The power ratlo in the Hamming
sidelobes relative to the central peak 18 = -41 dR, or a factor of
112,

Choices a - d for the spectrometer lineshape are only meant to
reprasent a sample of the possible lineshape functions. A more exten-
alve set of choices as well as a provision for user-specified line-
shapes will be deferred to a later time,

In carrying out the sum of Eq. (2-77) to calculate the spectral
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radiance I'(v) at frequency v, contributions from lines {wv,, &)
closest to v are first summed, and the summation proceeds to larger
and larger values of |1 - v,| until v reaches an upper limit specifiud
by the user for the maximum number n, . of widths (FWHM) avay from v,
at which lines will contribute, A small value of n,, will increase
execution spesed at the risk of reducing the precision of the result,

The valuea of spectral radiance I'(v) are written to a file for
storage and may be read by plotting programs or used as input to fur-
ther computations. A sample of the spectral radiance file is shown in
Table 12,
2.8.5 PLOTTING SPECTRA

A plotting module ia provided with AARC which calls modified
CALCOMP plotting programs (AXIS, LINE, PLOT, SYMBOL, ..,) avallable on
the AFGL CYBER computer and at some other inscallations, It ims de-
signed to read the spectral radiance files generated by AARC and plot
them under direction of the user through a menu-driven query system,
The data enterad by the user in response to menu prompts are used to
update a default parameter file, which can then be saved for reuse.
Alternatively, the user may use his favorite plotting programs to view
the results of AARC computations, At AFGL we commonly plot the re-
sults on a VAX computer using plotting capabilities in the IDL

(Interactive Data Language) package.
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3. AARC PROGRAM DESCRIPTION AND USACE
3.1 Maln Modules

AARC consiats of four distinct, interconneated program modules:
DAARG, C02, CONV, and AUNGRAF (Figure 2). The first module, DAARC,
begins by initializing user-defined program control parameters via a
menu-driven procedurs. The program then calculate: the elsctron-ion
pair production rate as a function of altitude, which is used for the
calculation of NO emissions near 5.3 um (Av = 1) and 2.7 um (Av = 2)
and NO* emissions near 4.3 um later in the program., The pair produc-
tion rate is also written to a f£ile sc that it may be used by the mod-
ule €02 to calculate the CO, emissions near 4.3 um, The program then
caloulates the geometry of the line-of-sight and the emissions £rom NO
and NO* fundamental and overtone bands, After summing the band emis-
sions over the lins-of-sight, the resulting band radiances are dis-
tributed among the individval lines smong the individusl lines making
up the band. Thess line radianceas are written to the file LNSPEC,
making them accessiblo to tho program module CONV, Because DAARC cre-
ates data files which are required by the other modulcs, the ussr muct
run DAARC first, A description of DAARC program £low is given in Ap-
pendix B,

The module CO2 calculates the CO, smissions from an aurorally dis-
turbed atmosphers along the line-of-sight defined using the input pro-
cedurs in the program DAARC, It performs a time-dependent calculation

of the CO; vibratinnul tenperatures and a line-by-lirw celeulation of
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subsaquent infrared emisslons, appending che line radiances to the end
of file LNSPEC. This program module, which may be omitted if CO,
enissions are rot desired should be executed after DAARC but before
CONV. A degeription of €02 program flow i{s given in Appendix C.

CONV takes as input the line strengths of NO, NO' and €O, as cal-
culntad'by'DAARc and €02 und convolves them to gensrats a synthetic
spectrum, A description of CONV progrum flow is given in Appendix D.
The program module AURGRAF uscs the AFGL graphics library to plot the
synthetic spectrum on an interactive graphics terminal.

Various input data flles are needed by the program modulea, and
some intermadiate files are used to communicate data between the mod-
vles (Figure 2), The file DFFLTS holds default values for the user-
defined input parameters. Theae parameters are updaied to the most
recent values used each time the moduls DAARC ix run, In addition,
the parameters in DEFLTS may be changad directly by the usar {f the
program i¢ to be run non-interactively,

The data £ile ALLDAT contains data dafining the model atmosphere
such as temperaturs, dansity, and composition., The file also contains
efficiencies required for the NO and NO' calculations.

The data file LINE25 cortains the positions and Einstein A-coeffi-
cients of the apprepriate NO and NO* lines, whila LCO2 contains compa-
rable daca for CO, lines,

The file RELAY holds such data as line-of-sight inforamation, elec-
tron-lon palr production profile, and time of ovhservation relative to

the start ol auroral activity, Those data are caleculatsd ia DAARC and
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are used in the program CO2,

LNSPEC contains the line positions and intensities calculated by
L DAARC and C0O2, A sample is showm in Table 12. These are read by the
5i module CONV, which uses them to produce the synthetic spactrum.
e 3.2 Input, Output, and Program Communication

3.2,1 INPUT OF USER.DEFINED PROGRAM CONTROL PARAMETERS

The program DAARC will run in two possibla modes depending upon
the valus of the first parameter stored in the file DEFLTS (Figure 2).
If this has been set squal to une, the program will run in interactive

mode, allowing the modificution of any or all of the user-defined pro-

gram control parameters via a series of menus. The default values of
these parameters are taken from the f£ile DETLTS. (A zero for the
first parameter in DEFLTS will cause the program to run ir the batch
mods , )

The interactive mode begins by presenting the user with the main
menu, offering the user eight poasible options, An exampls of program
responss to options 1-8 is shown in Table 13.

Option 1 at the main menu allowa the user to alter the auroral en-
eargy paramecers. If this opcion is ochosen, the program presants the
user with meru 1,0, allowing a choice of program-defined dosing ox
user-defined dosing, If the user chooses the program-defined dosing
rate, the program goes to menu 1.1 offering a selection of three ener-

gy deposition profiles corresponding to auroras of intensity IBC 1I,

IBC II1, and TBC IIT' and displaying the current value. Enteriug a
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Table 12. Sample of LNSPEC File.

(Preface: approximately 64 Lines of identifying information.)
C $9$ENDS3S

1736.67264 ,1103987501E+06 1 0 »35.5 46 NO
1741,1678 ,233B5935798+06 1 0 P 3.3 4 NO
1745.6316 .4850611842E+06 1 0 P33.5 46 NO
1969,1220 .1415501700E+10 1 0 R 32,85 46 NO
1971.2214 .1026515076E+10 1 0 R 33.5 46 NO
. 1973,2799. ,7378481590E+09 1 0 R3S 46 NO

C §4SEND NO4$H -
2230.0109 .2655262309E+403 00011 00001 P10B 626 o©C2
2232.8427 .4289189907E403 00011 00001 P06 626 CO2
2235,6514 ,6894373094E+03 00011 00001 P1O4 626 CO2
2383.3094 ,9921045253€+02 01111 01101 R99 626 cCo2
2383.5736 ,7867638783E+02 Cllll 01101 R100 626 ¢O2
2383,8070 .6452974B42B402 01111 01101  R101 626 CO2
C SHOEND CO28§%

1. Line position (cm"),

2. Line radiance (photons/cu? ur sec).
3. Upper vibrational atate.

4. Lower vibrational state.

5. Branch,

6. Lower-state angular momentum,

7. Imotepe 3

8. Specles,
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Table 13, Input Parameter Menua for Example Shown.

1.0 REVIEW OR MODIFY AURORA ENERGY INFORMATION.,.

1. PROGRAM DEFINED DOSING
<. USER SUPPLIED DOSING

CURRENT SETTING: 1

1,1 REVIEW OR MODIFY IBC CLASS.,.

2, IBC Il (ALPHA = 2.9, TOTAL FLUX = 12.9)
3. IBC ITI (ALPHA = 5.0, TOTAL FLUX - 100)
4, 1BC TII+ - IV (ALPHA ~ 10, TOTAL FLUX = 400)

CURRENT SETITING: 3

2.0 REVIEW OR MODIFY GEOGRAPHIC INFORMATION, ..

1, OBSERVER LATITUDE (+ = NORTH): 47,

2, OBSERVER LONGITUDE (+ = EAST): -120,
3, OBSERVER ALTITUDE (KM): 300,

4, LOS NADIR ANGLE (DEGREES): 75.77

5, LOS AZIMUTH (DEGREES): 20.

6. MAXIMUM ALTITUDE OF INTEREST(KM): 158,

3.0 REVIEW OR MODIFY TIME INFORMATION...

1. UNIVERSAL TIME (HR): 0.

2. UNIVERSAL TIME (MIN): O,

3, UNIVERSAL TIME (SEC): O.

4. DAY OF THE YEAR: 79,

5, DURATION OF AURORA (SEC): 900.

6. TIME OF OBSERVATION, RELATIVE TO ONSET OF AURORA (SEC): 900.00
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Table 13. (Continued)

4.0 CHOOSE 17O DENSITY PROFILE:

1. HIGH DENSITY PROFILE
2. MEDIUM DENSITY PROFILE
3, BACKGROUND RADIANCE NOT CALCULATED.

CURRENT CHOICE: 1

5.0 REVIEW OR MODIFY SPECTRAL PARAMETERS:

1., LOWER BOUND OF SPECTRUM (CM w* .1): 1700,
UPPER BOUND OF SPECTRUM (CM % .1): 2400,

SPECTROMETER RESFONSE FUNCTION: HAMMING
NUMBER OF HALF WIDTHS: 20.
MAXIMUM NUMBLR OF POINTS IN SPECTRUM: 2000

[« S R P 5

6.0 AURCRAL ARC BOUNDAKIES

1., GEGMAGNETIC BOUNDARY DEFINITION
2. GEOGRAPHIC BOUNDARY DEFINITION

CURRENT SETTING: 2

.2 REVIEW OR MODIFY AURCRAL GEOGRAFHIC BOUNDARIES

6
1. NORTHERN EDGE OF AURORA (DEG, + = NORTH): 58,
2. SOUTHERN EDCE OF AURORA (DEG, + = NORTH): 57.1
3. EASTERN EDGE OF AURORA (DEG, + = EAST): -5,
4., WNSTERN EDGE OF AURORA (DEG, + = KAST): 20,

FWHM OF SPEC1ROMETER RESPONSE FUNGTION (CM *% .1):

. 10000E+02

zero at this menu causes a return to the main menu with no change in

tha default value.

If the user-defined dosing is chosen, the program then allows the

user to choose either a Maxwellian or a Gaussian funutional form for
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the electron spectral number flux density at the top of the atmos-
phere. If a Maxwellian form is chosen, the user is presented with

wer1 1.21, allowing input of two parameters, the total energy flux and

the characteristic energy, spacifying the energy distribution. If the

user chooses a Gaussian form, the user {s presented with menu 1,22,
allowing input of three input parameters. These are the total energy
flux, position of tha peak of the distribution, and the characteristic
width of the distrihution, Entering a zero at either of the menun
1.21 or 1,22 returns the user to the main menu,

Option 2 at the main menu allows the user to nodify geographic in-
formation via menu 2.0, Tha parameter: accesuible via this menu in-
ciude the observer geographic latitude, longitude and altitude, the
nadir and azimuth angle of the line-uf-sight, and the maximum altitude
of interest. All valuves !nput from the terminal are checked for vu-
lidity. Entering & zero at this menu returns the user to the main
menu,

Option 3 at the main menu allows the user to access tiwe informa-
tion via menu 3.0. The user may change the time of tho observation as
given by the day of the year and the universal time-of-day. The user
may also enter the time of the observation relative tn the beginning
of auroral dosing and the duration of auroral dosing. Encering a zero
at this menu returns the user to the main menu.

Option 4 at the main menu allows the user to control the NO back-
ground calculation via menu 4,0, At this menu the user may choose to

disable the NO background calculation, or may choose to have the back-

142

AR



g £ H

'

[

2
y

ground calculated using a medium or a high NO density profile. Entex-
ing a zero at this menu returns the usar to the main menu.

Option 5 at the main menu allows the user to review or modify, via
menu 5.0, the character of the synthetic spectrum generated. The nser
may choose the maximum and minimum wavenumber of the spectrum, the
full -width-at-half-maximum (FWHM) of the spectrometer reusponse func-
tisn, the shape of the spectrometer response function, the number of
half-widthe of the response function to be used in the calculation of
each point in the spectrum, and the maximum number of points ;n the
spectrum. If the user selects option 4 in thie menu, the program
presents the user with menu 5.4, allowing a chiolce from five poséibls
spectrometer response functions: triengular, Gauassian, sine, Hamming,
and rectangular, After the user entsrs a selection, the program
returns to menu 5.0, Entering a zero at menu 5.0 returns the user to
the main menu.

Option 6 at the main menu ullows the usar to input the boun eries
of the auroral dosing zone. Menu 6.0 allows the user to chouse either
geomagnetic or geograpnic boundary definitlons. Choosing geomagnecic
boundaries presents the user with menu 6.1, allowing the user to input
north, south, east and west boundaries of the auroral zuwe via uncor-
rected geomagnetic local time and latitude. Choosing geographic
boundaries presents the user with menu 6.2, allowing the definition of
the auroral zone using geographic coordinates. Entering a zero at the
menus 6.0, 6.1, or 6.2 will return the user to the main menu.

Option 7 at the main menu will cause the program to update the
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file DEFLTS with the most recent set of progrom concrol parameters and
then halt. Entering a zero at the main menu causes the program <o
procasd with the calculation.

3.2,2 DEFLTS

If the value of the first parameter in the file DEFLTS is equal to
zZero, the program will run in batch mode, proceeding directly with the
calculatinn using the values of the user-defined program control pa-
rametors, as stored in the file DEFLTS,

The file LEFLTS contalna 10 linos of datu, each line prefaced with
a gseries of comments that facllicate direct modification of the data,
These comment lines explain the dacta line and give the format of the
data conteined in the line,

During execution of DAARC, the program dves not check to see if
the input parameters in DEFLTS are within br :nds. DEFLTS will be re-
vritten using *he new wvalues of parameters that may have heen changed
during the parameter input procedure. The comment lines in the file
are presarvad,

3,2.3 ALLDAT

The lnput data file ALLDAT contains three independent sections,
sech prefacsd with a marker allowing a program to go directly to the
saction required. The first section of the file, prefaced by the
marker "$§SMODELATSSS", contains information dafining the model atmos-
there., This information ircludes, as a function of altitude, the tem-
perature, atmosphoric mass density, mean molecular mass, number den-

sity of N,, number density of 0,, number demsity of 0, and two number
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density profiles of NO, The data correspond to 100 altitudes from 30
to 300 kilometera.

The next section of the file, prafaced by the marker
"S$SARCEFF$5%", contains data giving the auroral production efficien-
cies for the four band systems: NO (Av = 1), NO (Av = 2), NO* (Av =
1), and NO* (Av = 2), in that order, Each set of data for a given
band system begins with values for the array variable TBDEF(L, 1),
where TBDEF is the total band system production efficiency (that is,
the number of photons emitted per electron-ifon pair produced), i (i =
1, 4) is the band system, and j 1s the altitude slab. The data are
given for the altitude slabs 31 through 66, corresponding to altitudes
from 90 to 160 kilometers.

The next datum is NVL(1i), the number of in&ividual bands in the

i band system. Following this are values for ths fractional produc-

tion efficlencies, FREF(i, k, j), where k is the particular band in

the {*" band system., The data are ordered with the variable k varying
more quickly than the variable j.

The last section of the file ALLDAT, prafaced by the marker
"$S$9SLOWDATSSS", contains data used in the SLOWCO2 subroutine of the
program CO02,

3.2.4 LINE25

Input file LINE25, a sample of which is shown in Table 8, contains

the positions and Einstein A-coefficients for the NO fundamental and

overtons lines and the NO' fundamental lines, The format of the data

im similar to that found in the AFGL Atmospheric Absorption Line Com-
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pilation®’ or HITRAN database with the exception that the Einstein A-
coefficient has been substituted for the absorption line intenaity, §.

LINE25 contains data on NO fundamental and overtone transitions,
up to transitions with upper vibrational level, v', of 12, and No*
fundamental transitions up to v' = 14. The AARC input procedures al-
low comment lines to be included as part of the fila LINE2S,

3.2.5 LCO2

The input file LCO2, part of which is shown in Table 11, contains
the positions and absorption line intensities of the CO, lines as re-
corded in the AFGL line compilation®d, The data contained in this
file are for the CO, 00011 -+ 00001 transition for the isotopes 626,
636, 628, 627, 638, 637, and 828, though only the first four are in-
volved in the AARC calculation. The file also contains lines for the
€O, 626 01111 - 01101 transition.

At the present time, AARC input procedures do not allow comment
lines to ba included as part of the file.

3.2,6 LNSPEC

The output file LNSPEC, shown in part in Table 12, contains the
line positions in cm™ and the line radiances in photons/cm? sec sr.
This file, written by DAARC and appended to by €02, is read as input
by the program CONV (Figure 2). It is prefaced by a series of comment
lines identifying the values of the input parameters to the calcula-
tion as well, as other calculational quantities. '1"hou are for the
benefit of the user and are ignored by other programs.

The end of the identifying comment lines is signified by the file
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marker "$$SENDSSS". The series of NO lines then follows. The first
and sscond field of each line is the position and intensity, respec-
tively. The remainder of esch line contains identification data for
the benefit of the user. The and of the NO lines is indicated with
the file markex "$$$END NO$$S*. If the CO2 program is run, the output
will be appended to the file at this point. The and of the CO, lines
is indicated by the marker "$$SEND CO288%".

3.2,7 BNDRAD

The output file BNDRAD, a sample of which is shown in Table 14,
contalnas results pertaining to the bands as a vhole and is similar in
structure to the fila LNSPEC, The file begins with the same series of
comment lines found in LNSPEC, followsd by the marker "$$$ENDSSS".
Following that are a series of records giving the band radiances and

effective temperatures for the NO and NO* bands as calculated by

DAARC. The end of the NO and NO' band data is indicated by the marker
"$$SEND NO$$$". Tha CO, band radiances are then given, followed by
the marker "$$$END CO268$". BNDRAD does mnot serve as input to any
other AARC program moduls, but may be read by the user who desires
band-related results or input to user-provided programs.

3,2.8 RELAY

The purpose of the file RELAY is to transfer data calculated in
the program DAARC to the program C02 (Figure 2)., The first section of
the file, indicated by the file marker "$$$LOSDATS$$", has one line
containing three parameters defining the geometry of the line-of-

sight. The firat fileld contains the tangent height of the line-of-
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Table 14, BNDRAD File for Example Showm.

c
C
Cdeddeieb kb kw OBSERVER TNFORMATION #ddrbskkksbskdbbdedrd
c

C LATITUDE: 47.00
C LONGITUDE: -120.00
C ALTITUDE: 300.00
C NADIR ANGLE: 75.77
C AZIMUTH ANGLE: ' 20,00
c

G

Coriedednk ke Adiwddoiew TANGENT POINT sevedviokbdeheskeskob ok
c

C LATITUDE: 60,05
C LONGITUDE: -110.31
C ALTITUDE: 100,09
c
¢

Ok ok AURORAL PARAMETERS  wkssvstsskvevevsk ok
o]

C SOUTHERN BCUNDARY (GEOGRAPHIC LATITUDE): 57,10
C NORTHERN BOUNDARY (GEOGRAPHIC LATITUDE): 58.00
C EASTERN BOUNDARY (GEOGRAPHIC LONGITUDE): -5,00
C WESTERN BOUNDARY (GEOGRAPHIC LONGITUDE): 20,00
c
C

Cevemskadnki kbbbt BAND SYSTEMS CHOSEN stiwdksrkikk bk

NO DELTA V = 1
NO DELTA V = 2
NO+ DELTA V = 1
NO+ DELTA V = 2

PROGRAM DEFINED IBC TYPE: 3 AURORA

MAXWELLIAN FLUX DEFINED BY:
TOTAL FLUX = 100.0 (ERGS / CM %% 2 / §)
ALPHA - 5.0 (KEV)

DURATION OF AURORAL DOSING: 900,

TIME OF OBSERVATION: 000,

[sFoReRoNesREsNeNsRoRoNoRoNo NN s Na ¢
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Table l4. (Continued)

CrAkkikikkikkik START NF AURORAL ZONE #dikdvddidekiokk
p .

C LOS SEGMENT: 260
C ALTTTUDE: 104.64
€ LATITUDE: 57.99
C LONGITUDE: -112.34
C GEOMAGNETIC LATITUDE: 65.06
C GEOMAGNETIC TIME: 15,40
C

C

Cikedriiednkiekekiokdk END OF AURORAL ZONE skdvdvesesedobkovodrk
C

C LOS SEGMENT: 285
C ALTITUDE: 109.62
C LATITUDE: 57.13
C LONGITUDE: -113,12
C GEOMAGNETIC LATITUDE: 64.10
g GEOMAGNETIC TIME: 15.38
C LENGTH OF LINE OF SIGHT IN AURORA: 108,54
C $SSENDSSS

C FILE BNDRAD
C CONTAINS TOTAL BAND RADIANCES.

C

G BAND BAND EFFECTIVE V!

C ORIGIN RADIANCE TEMP

€ (CM-1) (PHOTONS / (K)

c SR - CM2 - 8)
1875,950 .46278E+12 219,097 1
1847,800 . 56557E+12 219.097 2
1819.760 ,55935E+12 219.097 3
1791.780 . 50024E+12 219.097 4
1763.860 J43191E+12 219,097 3
1735,880 .35141E+12 219.097 6
1708.000 .26210E+12 219.097 7
1680,100 .18762E+12 219.097 8
1652.060 .12346E+12 219.097 9
1624.070 .6680BE+11 219.097 10
1596,020 .32393E+11 219.097 11
1567.730 ,13884E+11 219,097 12
3723,750 .19060E+11 219,007 2
3667.560 . 19996E+11 219.007 3
3611.540 42488E+11 219,007 4
3555,630 L49313E+11 215,007 5
3499.740 52743E411 219,007 6
3443.890 A7144E411 219.007 7
3388.110 .40797E+11 219.007 8
3332.160 .319636+11 219,007 9
3276.120 «20366E+11 219,007 10
3220.080 .11583E+11 219,007 11
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Table 14, (Continued)

3163.750 .58328E+10 219.007
2344,170 .13312E+11 219.450
2311,510 +17429E+11 219.450
2278.770 .18289E+11 219.450
2245,930 .17309E+11 219.450
2213.000 «15195E+11 219.450
2179.970 .12338E+11 219,450
2146.850 .92048E+10 219.430
2113.690 .51949E+10 219.430
2080. 340 +33242E+10 219.450
2046.940 ,30870E+10 219,450
2013.440 ,27464E+10 219.450
1979.860 +17313E+10 219.450
1946.180 . 24056E+09 219.450
1912.400 .40639E+08 219.450
4635.680 . 60126E+09 219.253
4590.280 .12425E+10 219,253
4524.700 .17591E+10 219,253
4458.,930 .21007E+10 219.233
4392.970 .21803E+10 219,253
4326,820 .20062E+10 219,253
4260,540 .13577E+10 219,253
4194,030 . 1031L5E+10 219.253
4127.280 +11155E+10 219,253
4060,380 .11443E+10 219,253
3993,300 . 82542E+09 219,253
3926.040 ,13185E+09 219,253
3858.580 ,25357E+08 219,253
1875.950 ,66584E+13 472,581

NO DELTA V = 1 .10216E+14 PHOTONS / CM2
NO DELTA V = 2 .34128E+12 PHOTONS / CM2
NO+ DELTA V = 1 .11944E+12 PHOTONS / CM2
NO+ DELTA V = 2 .15522E+11 PHOTONS / CM2

G SSSEND NOJSS

C BAND BAND

C ORIGIN RADIANCE

C (CM-1) (PHOTONS /

c SR - CM2 - 8)
2349.143 .823386+12
2283.488 ,22733E+11
2340,014 ,16711E+10
2332.113 . 86057E+10
2336.63% .17114E+11

C $$SEND C02§88
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sight in kilometerxs., The sacond and third parameters define the re-
gion of aurorsl dosing along the line-of-sight by giving the altitude
of the line-of-sight when it enters and leaves the auroral arc. The
socond paramster is the lower altitude of the two points, A nagative
valus for sither of these two parameters indicates that that boundary
lies between the tangent point and the ohuserver., For instance, if
both parameters are negative thon the region of auroral douing lies
entirely on tha observer's side of the tangent point,

The next secticn of the file, indicated by the marker
"$$SQEDEPSSS", contains the electron-ion pair production profile. The
production in pairs/cm® sec is given for each altitude listed in the
file ALLDAT,

The last section of the file RELAY, prefaced by the file marker
"$9$TIMDATSSS" , contains one line of data pertaining to the tine-
dependant calculution. The first field containe the parameter TS,
which gives the initial value for the size of the time increments in
the €02 c;lculation. The second fiald contains the parameter DOSET,
the time relative to the onset of auroral dosing that the observation
is made, The third and fourth parameters aru TSMIN and TSMAX, the
lower and upper bounds of the time incrsment {n the CO2 calculation,
respectively., The fifth parameter is FRCO, Lhe maximum allowed frac-
tional change per time step in the densities of the speciss involved
in the C02 calculation. ‘he sixth parameter, TEND, is the duration of
the aurotal dosing in ueconds., The last two parameters give the mul-

tiplicative factor for adjustment of the time increment: and the time
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increment for writing output.

3.2.9 (€0O20UT

The file CO20UT is an informational file written by the program
€02, This file contains input data such as the model atmosphere den-
sity profiles, the pair production profile, the initial upper-state
densities, and vibrational temperatures. It also contains internedi-
ate results such as the densities and vibrational temperatures at the
sand of each lteration,

3.2.10 TAPES

The output file TAPES {s an informational file written by the pro-
gram CO2, This file contains the line radiances and optical depths
for the CO, lines involved in the calculation.

3.2.11 TAPES

The output fila TAPE6 1sx an informetional file similar to the file
TAPES., In addition to the line radiances from the CO2 calculation,
this £ile informs tha user of the conditions along the line-of-sight,
including data on the densities, kinetic temperaturss, and vibrational
temperatures both inside and outside the zone of auroral dosing. Thia
file also contains data from the AFGL line file used in the C02 calou-
lation,

3,2.12 VIBTEMP, BAC'DAT, and LOSDAT

The program module COZ uses thtee tempurary data files for intez-
nal communication, These files are rewritten for each species in-
volved in the CO2 calculation, The first file, VIBTEMP, holds the

vibrational temperatures as & function of altitude withia the aurcral
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zone for the particular CO, band system heing calculated,

The next file, BACKDAT, contains data on the hackground CO, param-
etars outside the dusing region for the particular band system being
caleculatead, This data includes, as a function of altitude, the pres-
sure, density, vibrational temperatuce outside the dosing region, and
the v, temparature.

Tha last file, LUSDAT, is used for communication between the two
parts of the CO2 calculation, namely the SLOWCO2 vibrational tempexa-
ture calculation and ths line-by-line radiative transport code
(NLTEA)., This file contains three linea of control parameters, The
firet line contains data defining the molecule of interast, the iso-
tops of interest, data on the vibrational energies involved in the
transition, and data on the statistical weights involved in the tran-
sition, The second line contains parameters defining the branchea to
be calculatad, the range of rotational lines, the uppar and lower
state indices, the lineshape option, and the lower and upper limits of
tha rangs in cm™), The third line of data defines the line-of-sight.
3.2,13 BLOCKDATA QEDEP

The block data section of the program DAARC contains the following
data: values for the speed of light, Planck's constant, the second ra-
diation constant, acceleration due to gravity, Boltzmann’s constant,
and Avogadro’s number; three seta of data giving the elecron-ion pair

production profiles for the standard built-in aurores of class IBC II,

IRC 111, and IBC III+; and NO and NO' band crigins,
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4.  EXAMPLE

We present here a sample run of the AARC calculation., This exam-
ple involves the calculation of the infrared radiance with dosing due
to an IBC III aurora ovor approximately 108 km of the line-of-sight,
The tangent height of the line-of-sight is approximately 100 km and
the dosing 1s on the near side of the tangent point,

Table 13 shows the series of menus tabulating the data input to
the program, and Table 14 presents the file BNDRAD, inrluding the
praface which summarizes the geometry, auroral energy and other data
concerning the run, and the total band radiances calculated. Flgure
22 shows a medium resolution (10 cm™! FWHM) synthetic spectrum cover-
ing the entire range calculated,

Also shown {8 a second example (dashed lina in Figure 22) with the
dosing moved to the far side of the tangent point. The boundaries for
auroral dosing in this example are from 61,8 to 62,65 degrees north
geographic latitude. Care was taken to ensure that the dosing takes
placa over the same distance on the line-of-sight and over the sane
range of altitudes. From the figure, one can observe that over the
spectral range from 1700 - 2000 em™! the spectral cadiance is identi-
cal to the near side case. This ls because the NO lines are optically
thin, PFor the range from 2000 to 2400 cm"! the far side aurora shows

the offact of the optical thickness of the CO; lines, Figure 23 shows

a higher resoclution (1 em™! FWHM) spectrum of the range 2250 - 2400

cm™!.
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Figute 22. Synthetic Spectrum Generated by Exanple Using 10 cm™
FWHM Hamning Furction. Also shuwn is spectrua generat-
ed with aurora moved to far-side of tangent point.
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Figure 23. Higher Resolution Synthetic Spectra of Example Using
1 em ! FWHM Hamming Function.
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Appendix A

Relation Between Eq. (2-14) and

Rees' lon-Pair Production Rate

We take p(z) inside the E, integral in Eq, (2-14) and set

p(z) M(z)> .
olz = nR) M)y (A-1)

where zp 1s the altitude corresponding to the depth R, n(Z) and n(R)
are number densities at depths Z and R, and <M(Z)» and <M(R)> are the

correspending mean molecular masses. Dafining

Lo = STRY (cm) (A-2)

we obtain

dr. Eo/t CM(z)>
e 'j % 3, 2t (8] 2 G (A-3)
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If the mean molecular mass does not very over the region of energy

deposition and the electron flux is monoenergetic with energy E,,

a&“g“; - F §(E, - E) , (A-4)

then we obtain Rees’ expression

q(z) = F %%{-3 A(§) %’z} . (A-5)

W -
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Appendix B

DAARC Program Fiow
MAIN PROGRAM.

This is the driver for the other parts of the program. This part
opens the input-output files, calls the proper subroutines that allow
input of user-defined program control parameters, calls the subroutine
AARCSUB, which performs the NO calculation, and calls the subroutine
LINES which generates the synthetic spestrum,

1. Open the data files ALLDAT, LINE25, LNSPEC, BNDRAD, and RELAY,
The input file ALLDAT contains paramaters defining the model at-
mosphere and parameters giving the NO auroral emission efficlency.
LINE25 contains the NO line positions and Einstein emission coef-
ficients, LNSPEC is an output fils containing the NO line radi-
ances. BNDRAD im an output file containing the NO band radiancas.
RELAY is an output file which transfers results from the DAARC
calculation to the CO2 program.

2. Call the subroucine LOADDE. This subroutine reads the input file
DEFLTS, containing the default values of the input parameters, in-
to the character array DFLTS., The array DFLTS acts as a buffer
for the input and output of the user-defined input parameters.

3. Evaluate the function ACTIVE, This function returns a value of 1
if the first parameter in the file DEFLTS is equal to 1, and 1u-
turns a value of 0 1f the first parametar is 0. This first param-
ster determines whether or not the program is to run interactive-
ly. IE the function ACTIVE is equal to 1 then do the following:

ja Print a message to the terminal.
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3.2 Call the subroutine POLL. This subroutine presents the user

with the main menu, allowing the user to choose which set of
parameters are to be reviewed and modified. The subroutine
returns the valus of the variable N.

3.3 If N equals 1, call the subroutine INAUR, This subroutine al-

lows thes user to review or modify the auroral erergy parame-
ters.

3.4 If N equals 2, call the subroutine INGEO, This subroutine al-

lows the user to review or modify the observer and line-of-
sight information.

3.5 If N equals 3, call the subroutine INTIME. This subroutine

allows the user to review or modify the time information.

3.6 If N equals 4, call the subroutine INBACK, This subroutine

allows the user to review or modify the NO background informa-
tion,

3.7 If N equals 5, call the subroutine INSPECS. This subroutine

3.8

3.9

10.

allows the user to review or modify the spectral parameters,

If N squals 6, call the subroutine MAGGEO. This subroutine
allows the user to veview or modify the definition of the au-
roral dosing zone,

If N {g not equal to 0 or 7 then go back to step 3.2. Else
continue with the rest of the program, If N ils equal to 7,
the program will terminate after updating the file DEFLTS.

. Call the subroutine DUMPDE, This subroutine updates che file

DEFLTS with the latest set of user-defined program control parame-
ters,

. If N equals 7, stop.

, Call the subroutine AARCSUB. This subroutine calculates the NO

band radiances over the line-of-sight, writing the radiances to
the file BNDRAD,

, Call the subroutine LINES. This subroutine distributes the band

radiances over all the lines which make up the band.

. Write the time information to the file RELAY. This information

will be used by the SLOWCO2 calculation in the €02 program module.

. Close the files LINE25, LNSPEC, BNDRAD, and RELAY.

End.
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SUBROUTINE LOADDE().

This subroutine loads parameter default values into the array DFLTS,
It does this by first attempting to read the file DEFLTS, 1If this
file is unavailable, the subroutine loads the array DFLTS with values
hardwired into the program.

Patameters passed through common: DFLTS(10).
1, Open the input file DEFLTS.

2. If there is no error while opening the f£ile (that is, the file ex-
ists) do the following:

2.1 Open the file SCRATCH for temporary storage.
2.2 For I equal 1 to 10, do the following:

2.2.1 Read a line from DEFLTS into the character variable
DFLTS(1).

2.2.2 Write DFLTS(I) to the file SCRATCH.

2,2.3 If the first character of the line just read is the letter

'C' go to 2.2.1, This line is a comment line contained in
the file and is ignored by the program.

2.2.4 Next I,
2.3 Close the file DEFLTS.
2.4 Return.

3. If an arror occurred while attempting to open the file DEFLTS
(that is, the file doss not exist) then do the following:

3.1 Store into the array DFLTS values that are hard wired into the
program,

3.2 Return.

4, End.

FUNCTION ACTIVE().

This function detsrmines 1f the user has chosen the interactive mode.
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Parameters passed through common:; DFLTS(10).

1. Read the value of the integer ACTIVE from the string variable
DFLTS(1).

2. Return.

3. End.

SUBROUTINE POLL(N).

This subroutine presents the user with the main parameter Input menu.
The subroutine returns in the variable N the option that the user has
chosen,

1. Print the main menu to the terminal.

2, Input from the terminal the value of the Integer variable N,
3, If N is less than O or is greater than 7, go to step 2.

4. Return.

5. End.

SUBROUTINE 1NAUR(IB, IBC, IFLG),

This subroutine allows the user to input parameters defining the rate
of auroral energy deposition.

Parameters passed through common: DFLTS(10), IDGM, TEFLX, AG, ALPHA,
DW, and EO,

1. Input, from the string vairiable DFLTS(5), the vaiues of the varia-
bles 1B, IDGM, TEFLX, ALPHA, EO, and DW.

2. If the value of the variable IFLG is not equal to 1, then return,
3. Print auroral energy information menu to the terminal.

4. Input from the terminal the valuc of the variable IBT.

5. 1f IBT is not equal to 1 or 2, go to 4,

6. Set IB equal to IBT.

7. If IB equals 1, the user has chosen program defined dJdosing. Call
the subroutine INIBC.
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8. If IB equals 2, the user has chosen user defined dusing. Call the
subroutine MAXGAU,

9, Write the new values of the variables IB, IDGM, TEFLX, ALPHA, EO0,
and DW to the string variable DFLTS(5).

10. Return.

11. End.

SUBROUTINE INIBC(IBC).
This subroutine allows the user to input the IBC class of the aurora.
1, Print the IBC class menu %o the terminal.
2. Input the variable IBCT from the terminal,
3. If IBCT is not equal to 0, 2, 3, or 4 then go to 2.
4, If IBCT is equal to 2, 3, or & do the following:
4.1 Set IBC = IBCT.
4.2 Go to 2,
5, Else if IBCT is equal to 0, then return.

6, End,

SUBROUTINE MAXGAU().

This subroutine allows the user to choose the functional form of the
electron energy distribution at the top of the atmosphere.

Parameters passed through common: IDGM, TEFLX, AG, ALPHA, DW, and EO,
1. Print the auroral parameter menu to the terminal.

2, Input the value of the parameter IBT from the terminal.

3. If IBT is less than 0 or greater than 2, go to 2,

4, Sat IDGM equal to IBT.

5. If IBT is equal to 1, tha user has chosen a Maxwellian energy dis-
tribution. Call the subroutine INMAX to input the Maxwellian pa-
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rameters,

6. If IBT ix equal to 2, the user has chosen the Gaussian energy dis-
tribution. Call the subroutine INGAUS to input Gaussian parame-
ters,

7. Return,

8. End,

SUBROUTINE INMAX().

Thig subroutine allows the user to define the electron energy distri-
bution function using a Maxwellian functional form,

Parameters passed through common: IDGM, TEFLX, AG, ALPHA, DW, and EO.
l, Print the Maxwellian parameter menu to the terminal,

2. Input the value of the parameter N from the terminal,

3, If N is less than 0 or greater then 2, go to step 2.

4, If N is equal to 1, do the following:

4.1 Input, from the terminal, the value of TEFLX, the total ener-
BY:

4.2 If TEFLX is less than 0.0, go to 4.1.
5., If N is equal to 2, do the following:

5.1 Input, from the terminal, the value of ALPHA, the characteris-
tic energy.

6. If N is equal to 0, return,
7. Go to 2.
8. End,

SUBROUTINE INGAUS().

This subroutine allows the user to define the electron energy distri-
bution function using a Gaussian functional form,

Parameters passed through common; IDGM, TEFLX, AG, ALPHA, DW, and EO,
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1. Print the Gaussian parameter input menu to the terminal.
2. Input the values of the parameter N from the terminal,

3. If N ig less than 0 or greater than 3, go to 2.

4. If N 18 equal to 1, do the following:

4,1 Input from the terminal the value of TEFLX, the total emnergy
flux.

4.2 If TEFLX is less than 0.0, go to 4.,1.
5. I£ N is equal to 2, do the following:

5.1 Input from the terminal the value of EO, the characteristic
anergy.

5.2 If EO0 is less than 0.0, go to 5.1,

6. 1f N is equal to 3, do the following:

6.1 Input the value of DW, the energy width,
6.2 If DW is less than 0,0, go to 6.1,

7. If N is equal to 0, then return,

8, Go to 2.

9. End,

SUBROUTINE INGEO(HAMX, IGEOFLG)

This subroutine allows the user to input parameters defining the ob-
servational geometry.

Parameters passed through common: OBLAT, OBLONG, OBLAT, RNADIR, AZIM,
and DFLTS.

1. Set PI = 2,0 * ASIN(1.0).

2, Set RAD = 180.0 / PI. This constant is used to convert from de-
grees to radians.

3. Input, from the string variable DFLTS(3), the default values of
the parameters ZPA, SPA, OBALT, GPA, AZA, and HMAX,

4, Convert the parameteras ZPA, SPA, GPA, and AZA from degrees to ra-
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dians, storing the results in ths variables OBLAT, OBLONG, RNADIR,
and AZIM, respectively,

« If IGEOFLG is not equal o 1, then return.
» Print the geographic information menu to the terminal.
« Input the value of N from the terminal.

5
6
7
8. If N is lesa than 0 or greatsr than 6, go to 7.
9. I£ N is equal to 1, do the following:

9

W1 Input from the terminal the value of 2PA, the observer
latituds.

9.2 If ZPA is less than -90.0 or greater than 90.0, go to 9.1.
9.3 Set OBLAT = ZPA / RAD,
10. If N is equal to 2, do the following:

10.1 Input from the terminal the value of SPA, the observer longi-
tude,

10.2 If SPA is less than -180 or greater than 180, go to 10.1,
10.3 Set OBLONG = SPA / RAD,
11. If N is equal to 3, do the following:

11.1 Input from the terminal the value of OBALT, the altitude of
the observer.

11.2 If OBALT is less than 0.0, go to 11.1.
12, if N is equal to 4, do the following:

12,1 Input from the tLerminal the value of GPA, the observer nadir
angle,

12.2 If GPA is greater than 90,0 or less than 0.0, go to 12.1,
12.3 Sat RNAUIR = GPA / RAD.
13, If N is equal to 5, do the following:

13.1 Irput from the terminal the value of AZA, the azimuth of the
lins-of-sight,
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13,2 1f AZA 13 grester than 360.0 or less than 0.0, go to 13.1.
13.3 Set AZIM = AZA / RAD,
14, I€ N 18 equal to 6, do the following:

14,1 Input from the terminal the value of HMAX, the maximum alti-
tude of interest.

14.2 If HMAX is less than 0.0, go to 14.l.
15, If N i3 equal to O, do the following:

15.1 Write the values of rthe parameterm ZPA, SPA, OBALY, GPA, ALs,
and HMAX to the string variable DFLTS(3).

15.2 Return.
16. Go to 7,
17. End.

SUBROUTINE INTIME(HR, MIN, DOY, DOSET, TEND, IFLG).
This subroutine allows the input of time infurmationm,
Parameters passed through common: DFLT$(10).

1. Input from the string variable DFLTS(2) the values of the varia-
blea HR, MIN, SEC, DOY, DOSET, and TEND,

2. If the value of the parameter IFLG i not equal to 1, then return.
3. Print the time information menu to the terminal.

4, Input from the terminal the valus of N.

5. I£ N is luss than O or greater than 6, go to &,

6. If N is equal to 1, do the following:

6.1 Input from the terminal the value of HR, the hour part of the
universal time of ohservation.

6.2 If HR in 1cla'thnn 0 or greater than 23, go to 6.1,
7. 1£ N is squal to 2, do the following:

7.1 Input from the tarminal the value of MIN, the minute part of
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the universal time of the observation,

7.2 If MIN {8 less than O or greater than or equal to 60, go
to 7.1,

8, If N is equal to 3, do the following:

8.1 Input from the terminal the value of SEC, the seconds part of
the universal time of observation.

8.2 If SEC iy less than O or greater than or equal to 60, go to
8.1,

9. If N is equal to 4, do the following:

9.1 Input from the terminal, the value of DOY, the day of the ysar
of the observation.

9.2 If DOY 1s greater than 366 or less than 0, go to 9.1,
10, If N is equal to 5, do the following:

10.1 Input from the terminal the value of DOSET, the duration of
the aurora in seconds.

10,2 If DOSET is less than 0, go to 10.1.
11. If N is equal to 6, do the following:

11.1 Input from the terminal the value of TEND, the time of the ob-
servation relative to the beginning of the auroral dosing.

11.2 If DOSET is less than 0, go to 1l.1.
12. If N i{s equal to 0, do the following:

12.1 Write the values of the parameters HR, MIN, SEC, DOY, DOSET,
and TEND to the string variable DFLTS(2).

12.2 Retutn,
13, Go to 4,
14, End.

SUBRQUTINE INBACK(IBACK, LOHI, IFLG).

This subroutine allows the input of parameters defining the background
calculation,
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Parametaers passed through common: DFLTS(10).

1. Read the values of IBACK and LOHI from the string wvariable
DFLTS(7).

. If IFLG is not equal to 1, then return,
. Print to the terminal the NO density profile menu.

2

3

4. Input from the tarminal the value of N,

5. TE N is less than O or greatsr than 3, go to 4,
6

. I£ N is equal to 3, the user has disabled the background calcula-
tion. Set IBACK = 0.

7. Else 1f N ia not equal to 3 and is not equal to O, the user has
chosen an NO profile., Do the following:

7.1 Set IBACK = 1,
7.2 Set LOHI = N,

8. Write the values of IBACK arnd LOHI to the string variable
DFLTS (7).

9. Return.

10. End,

SUBROUTINE INSPECS(GMIN, GMAX, IFLG).

This subroutine allows the input of parameters determining the charac-
ter of the synthetic spectrum.

Parameters passsd through common: DFLTS(10), ISHAPE, FWHM, DELMAX, and
MXDLS,

1, Read from the string variable DFLTS(8), the valuss of GMIN, GMAX,
FWHM, ISHAPE, DELMAX, and MXDLS,

2. If IFLG is not cquel to 1, then raturn,
3, Print the spectral parameter menu to the term'nal.
4. Input the value of N from the terminal,

5. If N 18 less than 0 or greater than 6, go to 4.
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8. If N is equal to 1, do the following:

6.1 Read from the terminal the value of GMIN, the lower bound of
the sythetic spectrum to be generated,

6.2 If GMIN is less than 0, go to 6.1,
7. If N is equal to 2, do the following:

7.1 Input from the terminal the value of GMAX, the upper bound of
the synthetic spactrum,

7.2 If Guoax is less than 0, go to 7.1,
8, If N is squal to 3, do the following:

8.1 Input from tha terminal the value of FWHM, the full-width-
half-maximum of the synthetic spectrum,

8.2 If FWHM is less than O, go to 8,1,

$. If N is equal to 4, call the subroutine INSHAPE, which allows the
user to input the spectrometer responses function.

10. If N is equal to 5, do the following:

10.1 Input from the terminal the value of DELMAX, the maximum num-
ber of half widths calculated within each lina,

10.2 If DELMAX is less than 0, go to 10.1,
11. If N 1s aequal to 6, do tha fellowing:

11.1 Input from the terminal, the value of MXDLS, the maximum num-
ber of points to be calculated for the spectrum.

11.2 If MXDLS ls less than 0, go to 11,1,
12, If N is equal to 0, do the following:

12.1 Write the values cf GMIN, GMAX, FWHM, ISHAPE, DELMAX, and
MXDLS to the string variable DFLTS(8).

12.2 Return,
13. Go to 4.

14. End,
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SUBROUTINE INSHAPE(ISHAFE).

This subroutine allows the user to choose the character of the spec-
trometer response function for the synthetic spectrum,

1. Frint the spactrometer response function menu to the tarminal,

2, Input from the terminal the value of ISHAPE. ISHAPE is the user's
choicue for the spectrometer response function. The avallable
choices are : 1. Triangular, 2. Gaussian, 3, Sinc, 4. Hamming,
and 5. Rectangular,

3, If ISHAPE is less than 1 or greater tham 5, go to 2,
4, Return.

5. End,

SUBROUTINE MAGGEO(IFLG).

This subroutine allows the user o choose the manner by which the au-
roral dosing zune is defined,

Parameters passed through common: MORG, ARLATZ2, ARLATLl, ARLONGI,
ARLONGZ, and DEFLTS.

1. Set PI =~ 2,0 % ASIN(1.0).

2, Set RAD = 180.0 / PI, This constant is used to convert from de-
grees to radians,

3. Input f£rum the string variable DFLTS(6), tha values of MORG, Z1,
22, 23, Z4, 25, 26, 27, and 78,

4, 1f MORG iy equal to 1, the auroral dosing zone is defined via peo-
magnetic coordinates. Do the following:

4.1 Set ARLAT1 =~ Z1 / RAD.
4.2 Sec ARLAT2 ~ Z2 / RAD.
4.3 Set ARLONG1 = 73.
4.4 Set. ARLONG2 ~ Z4,

5. Else 1f MORG ls equal to 2, the auroral dosing zone ie defined us-
ing geographic cooridinates., Do the following:
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5.1 Set ARLAT1 = 25 / RAD.
5.2 Set ARLAT2 = 26 / RAD,
5.3 Set ARLONGl = Z7 / RAD.
5.4 Set ARLONG2 = Z8 / RAD.

6. If IFLG is not equal to 1, then return,

7. Print the auroral boundary menu to the terminal,

8. Input from the terminal the value of N,

9. If N is less than O or greater than 2, go to 8.

10. If N is equal to 1, do the following:

10.1 Set MORG = N, '

10.2 Call the subroutine MAGAUR(Z1, Z2, Z3, Z4). This subroutine |
allows input of the magnetic boundaries of the aurora.

11, If N is equal to 2, do the following:
11.1 Set MORG = N,

11.2 Call the subroutine GEOAUR(25, Z6, 27, Z8). This subroutine
allows input of the geographic boundaries of the aurora.

12. Write to the string variable DFLTS(8), the values of MORG, 71, 22,
Z3, 24, 25, 26, 27, and 28.

13, Return.
14, End,

SUBROUTINE MAGAUR(Z1, 22, Z3, 24).

This subroutine allows the user to define the zone of auroral dosing
using geomagnetic coordinates.

Parameters passed through common: MORG, ARLAT2, ARLAT1, ARLONGl, and
ARLONG2.

1. Set PI = 2.0 * ASIN(1.0).

2. Set RAD = 180.0 / PI. This constant i{s used to convert from de-
grees to radians,
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3. Set ARLAT1 = Z1 / RAD,

4, Set ARLAT2 = Z2 / RAD.

5. Set ARLONGl = 23,

6. Set ARLONG2 = Z4,

7. Print to the terminal the auroral geomagnetic boundary menu,
8. Input from the terminal the value of N,

9., If N is less than O or greater than 4, go to 8,

10. If N is equal to 1, do the following:

10.1 Input from the terminal the value of 22, the geomagnetic lati-
tude of the northern edge of the aurora.

10.2 If Z2 is greater than 90 or less than -90, go to 10.1.
10.3 Set ARLAT2 = Z2 / RAD,
11, If N is equal to 2, do the following:

11.1 Input from the terminal the value of Z1, the geomagnetic lati-
tude of the southern edge of the aurora,

11.2  1f Z1 is greater than 90 or less than -90, go to 11.1.
11.3  Set ARLAT1 = Z1 / RAD,
12, 7f N is equal to 3, do the following:

12.1 Input from the terminal the value of ARLONGl, the geomagnetic
time at the eastern edge of the aurora.

12,2 If ARLONGl is greater than 24 or less than 0, go to 12.1.
12,3 Set Z3 =~ ARLONG1,
13, If N 1is equal to 4, do the following:

13.1 Input from the terminal the value of ARLONG2, the geomagnetic
time at the western edge of the aurora.

13.2 If ARLONG2 is greater than 24 or less than 0, go to 13.1.
13.3 Set Z4 = ARLONG2,
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14, If N is equal to 0, then return.
15. Go to 8.
16. End.

SUBROUTINE GEOAUR(Z5, Z6, Z7, Z8)

This aubroutine allows the user to define the zone of auroral dosing
using geographic boundaries.

Parameters passed through common: MORG, ARLAT2, ARLAT1, ARLONGl, and
ARLONG2.

1. Set PI = 2,0 * ASIN(1.0).

2, Set RAD = 180.0 / P1. This constant is used to convert from de-
grees to radians,

3, Set ARLATL = Z5 / RAD,

4, Set ARLAT2 = Z6 / RAD,

5. Set ARLONGl = Z7 / RAD,

6. Set ARLONG2 =~ Z8 / RAD.

7. Print the geographic auroral boundary menu to the terminal.
8. Input the value of N from the terminal,

9. If N is less than 0 or greater than 4, go to 8,

10. If N 1s equal to 1, do the following:

10.1 Input from the terminal the value of Z6, the geographic lati-
tude of the northern edge of the aurora.

10.2 If 26 is greater than 90 or less than -90, go to 10.1,
10.3 Set ARLAT2 = 26 / RAD,
11. If N is equal to 2, do the following:

11.1 Input from the terminal the value of 25, the geographic lati-
tude of southern edge of the aurora.

11.2 If 25 is groeter than 90 or less than -90, go to 11,1,
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11.3  Set ARLAT1 = Z5 / RAD,
12, If N is equal to 3, do the following!:

12.1 Input from the terminal the value of Z7, the geographic longi-
tude of the sastern edge of the aurora.

12.2 If 27 1s greater than 180 or less than -180, go to 12,1,
12,3 Set ARLONGl = Z7 / RAD.
13, If N is equal to 4, do the following:

131 Input from the terminal the value of Z8, the geographic longi-
tude of the western edge of the aurora,

13.2 If 28 is greater than 180 or less than -180, go to 13.1,
13.3 Set ARLONG2 = Z8 / RAD.

14, I£f N is equal to O, then return,

15, Go to 8,

16. End.

SUBROUTINE DUMPDE().

This subroutine updates the file DEFLTS using the most recent values
of the user-defined program control parameters,

Parameters passed through common: DFLTS(10),

1. Attempt to open the file DEFLTS as a pre-existing file. If suc-
cessful then do the following:

1.1 Rewind DEFLTS.

7.2 Rewind the file SCRATCH, a temporary file holding a copy of
the old version of DEFLTS,

1.3 For I equal 1 to 10, do the following:
1.3.1 Read one line from the file SCRATCH.

1.3.2 If the first character of that line is 'C', the line 1s a
comment line. Do the followlng:
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1.3.2.2 Go to 1.3.1

1.3.3 If the first character of the line is not ‘C’', then the
line is a data line, and should be updated. Write the
string variable DFLTS(I) to the file DEFLTS,

1.3.4 Next I,

1.4 Close the file DEFLTS,
1.5 Dalete ths file SCRATCH.
1.6 Return,

2. If an error occurred while attempting to open the file DEFLTS (the
file did not exist), do the following:

2.1 Create the file DEFLTS.
2.2 For I equal 1 to 10, do the followi: j:

2.2.1 Write the value of the string variable DFLTS(I) to the
file DEFLTS.

2,2.2 Next I,
2.3 Close the file DEFLTS.
2.4 Return,

3., End.

SUBROUTINE AARCSUB(NBS, NVL, VIBLOS, TEFF, DCSET, TEND).

This subroutine calculates the geometry of the line-of-sight, divides
the line-of-sight into segments, and calculates the observed radiance
for the NO bands,

Parameters passed through common: Q2(100), Q3(100), Q4(100), BANDOR(S,
15), H(100), T(100), RHOV(100), ATW(100), AIRM(100), DOX2(100),
DOX(100), and DNO(2, 100).

1. Initialize constants.

2, Initialize user-defined program control variables by calling the
subroutines INAUR, INGEQ, INTIME, INBAND, INBACK, and MAGGEO,

3. Call the subroutine POSIT(1l, '$$SMODELATSS$S'). This subroutine
positions the file ALLDAT at the beginning of the model atu. ~phere
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4.1

4.2

4.3
3.

10.
11.

12l

13,

Call the subroutine POSIT(l, '$-ODELATS|). This subroutine
positions the file ALLDAT at the beginning of the model atmosphere
data,

. For I equal 1 to NSTP, the numbsr of altitude steps., do the fol-

lowing:

Call the subroutine FETCH(l, BUFFER,EOF). This subroutine
reads the file ALLDAT, returning in the string BUFFER the next
line of ALLDAT for which the first character of the string is
not 'C’,

Read from the string BUFFER, the values of the parameters
H(I), T(I), RHOV(I), ATW(I), DN2, DOX2(I), DOX(I), DNO(l, I)
and DNO(2,I). Thess variables are altitude, temperature, mass
density, atomic weight, and number densities of N2, 02, 0, and
NO, respsctively.

Next I,

Call the subroutine POSIT(Ll, '$S$$ARCEFFS$$5'). This subroutine po-
sitions the file ALLDAT at the beginning of the auroral emissaion
production efficlencies.

Input from the file ALLDAT the values of TBDEF(J, N), NVL(J), and
FREF(J, K, M).

Set PO = (PI / 2.0) - RNADIR, where RNADIR is the nadir angle of
the line-of-sight. PO is the angular ssparation between the ob-
server and the tangent point as measured at the earth's center.

. Call the subroutine CALCTN(TNLAT, TNLONG, DUMMY, PO). CALCIN cal-

culates the geographic latitude, TNLAT, and geographic longitude,
TNLONG, of the tangent point,

Set OBRAD = RY(OBLAT) and TNRAD - RY(TNLAT). RY 1s a function
which returns the radius of the earth at a particular latitude.
Thus OBRAD is the radius at the observation point and TNRAD is the
radius at the tangent point,

Calculate TNALT, the altitude of the tangent point.

If the altitude of the tangent point is less than 0.0, the line-
of-sight interssctas ocarth surface, Print a message and stop.

If the altitude of the tangent is less than HO, the line-of-sight
passas through altitudes for which the program does not have data.
Print a message and stop,

1£f the altitude of the tangent height is greater than HMAX, the
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14,

15.

16,

17.

18.

19,

20,

21.

21.1

21.2

21.3

line-of-sight passes through altitudes for which the program does
not have data. Print a message and stop.

Call the subroutine INITQ(Q, IB, IBC, NSTP, TNRAD). This subrou-
tine calculates the slements of the array Q, where Q(I) 1s the e-
lectron-ifon pair production rate per unit volume at the altitude
H(I).

Calculate DEC, the declination of the sun bszsed on the value of
DOY, the day of the year for the observation, '

Calculate SLONG, the geographic longitude of the sun point, based
on the values of HR, MIN, and SEC, the :mjversal time of day of
the observation.

Call the subroutine GEOM(DEC, SLONG, SLATM, SLONGM). This subrou-
tine calculates SLATM, the magnetic latitude of the sun point, and
SLONGM, the magnetic longitude of the sun point.

Calculate PS, the angle intersected at earth center by the part of
the line-of-sight going from the tangent point to the point where
the line-of-sight passes through the altitude HMAX, the effective
atmospheric celling.

Set DP = PS / (NT - 1), DP is the angular size of each segment of
the line-of-sight,

Set variables, Set JS = 0, set JE = D, and get FLAG = FALSE. JS
records the number of the first segment of the line-of-sight to
lie within the auroral dosing zone and JE records the last segment
of the line-of-sight to lie within the zone. The logical variable
FLAG is set to true when and if the line-of-sight crosses into the
auroral dosing zone.

For each segment of the line-of-sight, identified by the index J,
do the following, starting from the far end of the line-of-sight:

Calculate F(J), the angular separation of the segment from the
tangent point.

Set ANGLE = PO + P(J). This is the angular separatinn between
the observer and the segment, J,

Call the gubroutine CALCIN(ZL(J), SL(J), DUMMY, ANGLE),
CALCTN calculates the geographic .atitude, ZL(J), and geo-
graphic longitude, SL(J), of the segment, J,.

21.4 Call the subroutine GEOM(ZL(J), SL(J), ZLG(J), RLONGM). GEOM

calculates, ZLG(J), the geomagnetic latitude, and RLONGM, the
geomagnetic longitude of the megment, J,
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21
21

21

21

21,

21,

21

21,
21,
22,

23.

24,

] Set TLG(J) = GMTIME(SLONGM, RLONGM). GMTIME is a function

which returns the geomagnetic time of a point having geomag-
netic longitude RLONGM, given that the geomagnetic longitude
of the sun point is SLONGM.

6 Calculate HL(J), the altitude of the segment, J.

.7 Calculate L(J), the distance from the cbserver to the segment,

J.

.8 If MORG is equal to 1, then the aurora has been defined using

geomagnetic coordinates. Set DLONG = TLG(J), the magnetic
longitude of the segment, and DLAT = iLG(J), the magnetic lat-
itude of the segnent.

.9 If MORG is squal to 2, then the aurora has been defined using

geographic coordinates. Set DLONG = SL(J), the geographic
longitude of the segmenc, and set DLAT = 2L(J), the geographic
latitude of the segment,

10 Is the segment outside the auroral zone? If it is do the fol-
lowing:

10.1 If the variable FLAG has been set to true and the variable
JE is equal to O, then this is the first segment to lie
outside the auroral zone. In this case, set JE = J, If
JE is not equal to zero, then this was not the first sep-
ment outside the auroral zone, and no action is taken.

10,2 If the variable FLAG is not equal to true, then the line-

of-sight has not yet entered the auroral zone. Set JS =
J. This keeps track of the last segment to lie outside
the auroral zone.

11 If the segment is inside the auroral zone, set FLAG = TRUE.
12 Next J.

If DOSET is less than TEND, then the time of obsarvation is after
the end of the auroral dosirg. Print a message to the terminal.
In this case the NO calculation will be disabled.

If the variable FLAG is equal to false, thun the line-of-sight
never intersected the auroral zone. Print a message to the termi-
nal. In this case the NO calculation will be disabled,

If either of the conditions in steps 22 or 23 hold, then disable
the NO calculation by setting the array NVL(J), for J equal to
1...NBS, = 0, IVL is the nunber of bands in a band system, for
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25.

26,

27.

27.2

27.3

27 .4

27.5

27.5.

27.5

27,

L

27'5

27.5
27.6
28,

which the calculation is performed,

For all segments In the line-of-sighr, calculate the length of
ocach segment,

Set the arrays STEFF(K), TBINLOS(K) and VIBLOS(K, I) equal to O,
STEFF(K) is an accumulator used for the calculation of the effec-
tive temperature of the K th band system over the line-of-sight,
TBINLOS(K) is the total radiance of the K th band system, and
VIBLOS(K, I) is the radiance of the I th band in the K th band
system,

If the variable IBACK is equal to 1, then include the background
contribution to the NO emissions. Do the following:

Increment by the variable NBS by one. NBS is the number of
band systems in the calculation. The background contribution
is treated as a seperate contribution,

Set NVL(NBS) = 1. There is only one band in the background
band system,

Store the value of the band origin of the background band in
the variable BANDOR(NBS, NVL.(NBS)).

Call the subroutine AIRGLO(PHEMNO, NSTP, ANO10, BANDOR, LOHI),
This subroutine calculates the background NO emissions as a
function of altitude, storing the values in the array PHEMNO,

For each segment of the line-of-sight, J, do the following:

1 Use linear interpolation to find the background volume e-
mission rate at the altitude of the segment, J.

.2 Interpolate to find the temperature at the altitude of the
segmant, J.

.3 Multiply the volume emission rate by the length of the
segment and add to the accumulator, VIBLOS(NBS, 1).

4 Multiply the temperature of the segment by the emission
from the segment and add to the azcumulator, STEFF(NBS).

5 Next J,
Sat TBINLOS(NBS) = VIBLOS(NBS, 1).

Here the program calculates the emissions due to auroral excita-
tion. For each segment of the line-of-sight, J, lying inside the
auroral gzone, do the following:
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28.1)

Interpolate to find the electron-ion palr production rate and

the temperature for the altitude of the segment, J,

28.2

For each band system, K, except for the background band sys-

tem, NBS, do the following:

28.2.1

28.2.2

28.2.3

28.,2.3.1

28.2.3.2

28.2.4

28.2,5

28.2.6
28.3

Interpolate to find TBDEFHL, the band production efficlen-
cy appropriate for the altitude of the segment,

Use TBDEFHL to calculate TVBIN(K, J), the contribution of
the J th segment to the K th band system radiance,

For all bands which meke up the band system K, do the fol-
lowing:

Interpolate to find FREFHL, the fractional efficlency
appropriate for the altitude of the segment.

Use FREFHL to calculate calculate the emission in the
band I, of the K th band system from the J th segment,
Add this contribution to the accumulator VIBLOS(K, I).

Set TBINLOS(K) = TBINLOS(K) + TVBIN(K, J). TBINLOS(K)
contains a running sum of the emissions of all segments
inside the auroral zone,

Add the kinetic temperature, THL, weighted by the band e-
mission, to STEFF(K),

Next K. Go on to the next hand system,

Next J, Go on to the next segment,

29. For all K, set TEFF(K) = STEFF(K) / TBINLOS(K). TEFF(K) iz the
band temperature for the band system K, It is the weighted aver-
age of the kinetic temperature over the line-of-sight.

30, Call the rubroutines RYT1, RYT6, RYT2, RYT7, aad RYT4, Thase sub-
routines write information to the files LNSPEC, BNDRAD, and RELAY,

31. Return.

32, End,

SUBROUTINE POSIT(IFILE, STRIG).

This subroutine positions the data file with unit number IFILE to the
record Just after the record containing the string STRIG,
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1. Rewind the file.

2. Input a record from the file, placing it in the string variable,
BUFFER.,

3. If an error occurred while attempting to read the files, print a
message to the terminal and terminate.

4, If the string STRIG does not occur within BUFFER, go to 2,
5. Return.

6. End.

SUBROUTINE FETCH(F, BUFFER, EOF).

This subroutine returns in the string BUFFER, the first record of the
file F which does not have a character 'C' as its flrst character.
This allows comment statements to be ingerted into the data file,

1. Input a racord from the file with unit number F, placing it in the
string variable, BUFFER,

2, If an error occured while reading the £ile, do the following:

2.1 Set EOF = 0. This indicates to the calling routine that an
error has occurraed,

2.2 Return.

3. 1f the first character of the string BUFFER is equel to 'C', go to
1.

4, Set EOF = 0, This indicates to the calling program that the
search was successful,

5. Return.

6. End,

SUBROUTINE CALCTN(TNLAT, TNLONG, AT, PO).

This subroutine calculates the geographic latitude, TNLAT, and longi-
tude, TNLONG, of a point lying on the line-of-sight displaced from the
observer by an angular distance, PO,

Paramaters passed through common: OBLAT, OBLONG, OBALT, RNADIR, and
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AZIM.

10.

11,

12,

13.

14.
15,

. Set PI = 2,0 * ASIN(1.0).
. Set Q8 = SIN(UBLAT) * COS(P0) + COS(OBLAT) * SIN(PO) * COS(AZIM),

where OBLAT is the latitude of the observer, PO is the angular
separation between the observer and the point in question, and
AZIM is the azimuth angle of the line-of-sight.

Set TNLAT = ASIN(QS), where TNLAT is the latitude of the latitude
in question., This result is easily shown by examining the trian-
gle formed on the surface of the earth with vertices at the obser-
vation point, at the point in question and at the north pole.

If TNALT is equal to 90,0 degrees or -90.0 degrees then the point
is over one of the poles. In this case the longitude is unde-
fined, Set TNLONG = OBLONG and return.

. Set QC = (SIN(OBLAT) - COS(PO) * SIN(TNLAT)) / (SIN(PO) *

COS(TNLAT)) .

If QC is greater than 1.0, set QC = 1.0. If QC is less than -1.0,
set QC = -1,0. These conditions may result from roundoff error.

Set AT = ACOS(QC). AT is the angle formed by the lines connecting
the point in question with the observation point and the north
pole,

. If AZIM is less than PI, set AT ~ 2.0 * PI - AT. This ensures

that AT is in the correct quadrant.

. Set QC = RNUM / DEN , where RNUM = COS(PO) - SIN(OBLAT) *

SIN(TNLAT) and DEN = COS(TNLAT) * COS(OBLAT) .

If QC is greater than 1.0, set QC = 1,0, If QC is less than -1.0,
set QC = -1.0, These conditions may result from roundoff ervor.

Set DELL = ACOS(QC). DELL is the angle formed by the lines run-
ning from the north pole to the point in question and from the
north pole to the observation point.

1f AZIM is less than P, set TNLONG = OBLONG + DELL, else set
TNLONG = OBLONG - DELL,

If TNLONG is less than -PI, add 2,0 * PI to TNLONG. If TNLONG is
greater than PI, subtract 2.G * PI from TNLONG.

Return.

End.
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SUBROUTINE INITQ(Q, IB, IBC, NSTP, TNRAD),

This subroutine calculates the electron-ion pair production rate as a
function of altitude, placing the rate into the array Q().

Parameters passed through common: IDGM, TEFLX, AG, ALPHA, DW, EO,
Q2(100), Q3(100), Q4(100), BANDOR(5, 15), H(100), T(100), RHOV(100),
ATW{100) and AIRM(100),

1, If ID is equal te 1, then the user has chosen a pre-defined pro-
duction profile. Use one of the profiles stored in Q2, Q3 or Q4:

1.2 For N equal 1 to NSTP, the number of altitude . :eps, do the

following:
1.1.1 1f IBC is equal to 2, set Q(N) = Q2(N).
1.1.2 If 1BC is equal to 3, set Q(N) = Q3(N).
1.1.3 It IBC is equal to 4, set Q(N) = Q4(N).
1.1.4 Next N,

2, If IB 1s equal to 2, the user has chosen a user defined electron
energy distribution, Do the following:

2,1 Call the subroutine CAIRM(NSTP). This subroutine calculates
the airmass above each altitude slab in gm/cmz.

2.2 Call the subroutine CALAG(). This subroutine calculates the
coefficient AG in the equation defining the electron energy
distribution,.

2.3 For N equal 1 to NSTP, do the following:

23.1 Set Q(N) = QED(H(N)). The function QED calculates the e-
lectron-ion palr production rate at the altitude H(N).

2.3.2 Next N,

3. Return.

4. End.

SUBROUTINE CAIRM(NALT).

This subroutine calculates tha alr mass above a certain altitude, and
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stores it in the array, AIRM().

Paramaters passed through common: H(100), T(100), RHOV(100), ATW(100),
AIRM(100), C, HPL, C2, GO, and AVGN,

1. Set RE = 6378.116, RE is the radius of the earth,

2, For I equal 1 to NALT, the number of altituds steps, do the fol-
lowing:

2.1 Set G = GO * (RE / (RE + H(I))) ** 2, G is the local acceler-
ation due to gravity.

2.2 Set SCHT = BK * T(I) * AVGN / (ATW(I) % G), where BK is Boltz-
mann’s constant, T(1) is the temperature, ATW(I) is the mean
atomic weight, and AVGN is Avogadro’s number, SCHT is the lo-
cal density scale height.

2.3 Set AIRM(I) = RHOV(I) ** SCHT, whera RHOV(I) is the air den-

sity.
2.4 Next I.
3. Return.

4, End,

SUBROUTINE CALAG().

This subroutine calculates the value of the parameter AG, the normall-
zation factor in the definition of the electron energy distribution
function.

Parameters passed through common: IDGM, TEFLX, AG, ALFHA, DW, and EO,

1. Set ERFDKEV = 1,602E-C9. This is a conversion factor between
kilo-electron volts and ergs,

2. Set PI = 2,0 * ASIN(1.0).

3, If IDGM is equal to 1, then the user has chosen a Maxwellian defl-
nition of the electron energy distribution function., Set AG =
TEFLX / (2.0 * ERFDKEV * ALPHA %* 3),

4, Else 1if IDGM is equal to 2, then the user has chosen a Gaussian
definition of the electron energy distribution function. Do the
following:

4.1 Set X = EO / DW, where EO is energy at the peak of the distri-
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bution and DW is the characteristic width of the distribution,

4.2 Set TOENFL = 0.5 * (DW %% 3) % (SQRT(PI) * 0.5 * (1.0 + 2,0 *

X %k 2) % (1.0 + ERF(X)) + X * EXP(«(X ** 2))). TOENFL inte-
gral over the energy distribution for unit flux,

4.3 Set AG = TEFLX / (TOENFL * ERFDKEV), where TEFLX is the total

energy flux specified by the user,

5, Return.

6‘

End,

SUBROUTINE QED(ALT).

This subroutine cclculates the electron-ion pair production per second
per cubic centimeter at the altitude ALT.

Parameters passed through common: H(100), T(100), RHOV(100), ATW(100),
ATRM(100),

1I

Set ENPION = 0,035, This 1s the energy loss in electron volts per
slectron-ion pair formed.

. Set ELOWST = 0.4, This is the minimum lower bound for the integ-

ration over energy.

. Set PWR = 1,75, This is the exponent of the energy In the equa-

tion for the range.

. Set RMF = 1,35, This is the width of the integration panel.
. Set CGRUN =~ 4 ,57E-06. This is the coefficient in the equation for

the range.

. Set EMAXX = 200.0. This is the upper bound for the integration

over energy.

. Call the subroutine INTERP(ALT, H, M, IFALL, NSTP). This subrou-

tine finds the two altitude intervals H(M - 1) and H(M) which lie
below and above the altitude of interest.

. If the INTERP failed, print a message to the screen and stop.
. Interpolate to find RHOZ, the mass density at the altitude ALT.
10.

Interpolate to find ATWZ, the mean atomic weight at the altitude
of interest,
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11. Interpolate to find Z, thu altitude in units of g/cm?.
12, Set FACT1 = RHOZ ,/ (CGRUN * ENPION),

13, Calculate EMINN, the minimum energy that an electron must have in
order to penetrate to the altitude ALT.

14, Set QED = 0.0,

15, If EMINN is greater than EMAXX, there is no pair production at
this altitude. Return,

16, If EMINN is less than ELOWST, set EMINN = ELOWST.
17, Set TQ « 1.0 - PUR,

. 18, Set E2 = EMINN, The energy range foom EMINN to EMAXX is divided
into panels and then each panel is integrated,

19, For each integration panel do the following:

19.1 Set El = E2, Set E2 = RMF * E1, El is the lower bound and E2
is the upper bound of the integration panel.

19.2 If E2 is greater than EMAXX, set E2 = EMAXX,

19.3 Call the subroutine SVALUE(EL, E2, ASQ, ASWT) to determine the
1 six points, ASQ(i), and the six weights, ASWT(i), for the
Gaussian quadrature integration over the panel.

! 19.4 Set FN = (E2 - El) / 2,

19.5 For L equal 1 to 6, for each of the Gaussian points do the

following:

19.5.1 Set ENERG = ASQ(L).

19.5.2 Set RANGE = CGRUN * ENERG ** PUR,

19.5.3 Call the subroutine INTERP(RANGE, AIRM, M, IFALL, NSTP).
This will determine the two points which lie above and be-
low RANGE,

19.5.4 Interpolate to find the altitude in km which corresponds
to RANGE,

19.5.5 Interpolate to find ATWR, the mean atomic weight at that
altitude,

19.5.6 Calculate TERM, the contribution to the integral from the
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energy, ENERG.
19.5,7 Set QED = QED + TERM.
19.5.8 Next L.

19.6 If the there are more integration panels to be included go
back to step 19.1.

20, Set QED = FACT1 * QED.
21. Return,
22. End.

SUBROUTINE INTERP(HO, H, M, IFALL, NSTP).

This aubroutine searches through array H to find the index M such that
H(M) is greater than HO, but H(M - 1) is less than HO. If the search
fails, the variable IFALL is set equal to 1,

1, Set IFALL = 1,

2. Is H(NSTP) greater than H(1)? If it is, the array is in order of
increasing value, Do the following:

2.1 Is H(l) greater than HO, If it is, the variable HO is outside
the range of the array. Return,

2.2 For M equal 2 to NSTP, the number of elements of the array, do
the following:

2.2.1 If H(M) is greater than or equal to HO, do the following:
2.2.1.1 Set IFALL = O,

2.2.1.2 Return,

2.2.2 Next M,

3. If H(NSTP) is lesa than H(l), the array is in decreasing order,
Do the following:

31 If H(1) is less than HO, the variable HO is outside the range
of the array. Return,

3.2 For M equal 2 to NSTP, do the following:
3. 2.1 If H(M) is leas than or equal to HO, do the following:

200




'Y

o

e 3l 4

AR TRTA AT

3.2.1.1 Set IFALL = 0.

3.2.1.2 Return.
3.2.2 Next M.
4, End,

SUBROUTINE SVALUE(ASLl, AS2, ASQ, ASWT).

This program returns to the calling module six positions, ASQ(6),
within the interval from ASl to AS2, and the weights associated with
those positions, ASWT(6), to be used for for a Gaussian quadraturs in-
tegration.

1. Set CA = (AS2 - ASl) / 2.0 and set CB = (ASl + AS2) / 2.0.
2, For J equal 1 to 6, do the following:

2.1 The six zeros of the Legendre polynomial of degres six are in
the interval from -1 to 1 are symmetric about zero and are
stored in the array Z2(3), We wish to map that interval onto
the interval from ASl to AS2. If J is less than or equal to
3, do the following:

2.1.1 Set ASQ(J) = -CA * ZZ(4 - J) + CB.

2.1.2 Set ASWT(J) = WEIGHT(4 - J), where WEIGHT(I) is the coef-
ficient corresponding to the position 2Z(I) is the Gaus-
slan quadrature sum.

2.2 If J is greater than 3, do the following:

2.2,1 Set ASQ(J) = CA * ZZ(J - 3) + CB.
2.2,2 Set ASWT(J) = WEIGHT(J - 3).

2.3 Next J,

3. Return,

4, End,

FUNCTION FUNCT(X).

This function interpolates to find the value of the normalized snergy
dissipation function corresponding to the value of X, The dissipation

201




function is stored in the set of wvariables XA(23) and YA(23), the ab-
scisea in XA and the ordinate in YA, The XA are in ascending order
from 1 to 23,

1. For J equal 23 to 1, step -1, do the following:
1.1 If X is greater than XA(J), do the following:

1.1.1 Interpolate to find the valus of FUNCT, based upon the
values of YA(J) and YA(J + 1),

1.1.2 Return,

1,2 Next J.

2, If the program has fallen through this loop without finding an ap-
propriate value of J, send a message to the terminal and stop.

3, End.

FUNCTION DFDE(ENERGY).

This function returns the number of slectrons incident on the top of
the atmosphere psr squars centimeter par arg per sacond according to
the elsctron energy distribution function input by the user,

Parameters passed through common: IDGM, TEFLX, AG, ALPHA, DW, EO.

1, If the parameter IDGM is equal to 1, the user has specified the
distribution function to be a Maxwallian., Do the following:

1.1 Set DFDE = AG % ENERGY * EXP(-ENERGY / ALPHA). Here AG is the
normalization paramster to ensure that the total rate of depo-
sition 1s the proper valus, and ALPHA is the characteristic
snergy in kev.

2, Elas if the parametor IDGM ims equal to 2, the user has specified
the distribution function to be a Gaussian., Do the following:

2.1 Calculate the argument of the exponentisl, arg = ((ENERGY -
EO) / DW)¥*2, where EO is the characteristic energy and DW is
the width of the distribution function. If this exceeds 80,
set the argument to 80 to avoid numerical underflow,

2.2 Set DFDE = AG * ENERGY * EXP(-arg).
3. Return.
4 End.
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SUBROUTINE GEOM(RLAT, RLONG, RLATM, RLONGM).

This function calculates the geomagnetic latitude, RLATM, and the geo-
magnetic longitude, RLONGM, of a point having geographic latitudse and
longitude, RLAT and RLONG,

1. Set DELONG = RLONGO - RLONG, where RLONGO is the geographic longi-
tuds of the north magnetic pols.

2. Set RLATM = arcsin(sin(RLATO) ¥ sin(RLAT) + cos(RLATO) ¥ cos(RLAT)
* cos (DELONG)).

3, Set RLONGM = arcsin(cos(RLAT) * sin(-DELONG) / cos(RLATM)).

4, Check that RLONGM is in the right quadrant and correct if necessa-
ry.

5. Return,

6. End.

FUNCTION GMTIME(SLONGM, RLONGM).

This function calculates the local geomagnetic time based on the local
geomagnetic longitude, RLONGM, and the geomagnetic longitude of the
subsolar point, SLONGM.

1, Set GMTIME = (RLONGM - SLONGM) * RAD / 15 + 12.

2. Check that the GMTIME is greater than or equal to 0, but less than
or squal to 24, Correct if necessary,

3. End,
SUBROUTINE AIRGLO(PHEMNO, NSTP, ANO10, BNDORG, LOHI).

This subroutine calculates the background NO radiance as a function of
altitude using a method from Caledonia and Kennealy(1982).

Parameters passed throuéh common: DOX2(100), DOX(100), DNO(2, 100),
T(100), and C2,

1. For N equal 1 to NSTP, the number of altitude steps do tha fol-
lowing:

1.1 Set RNOO1l = RNOLO * sxp(-BNDORG * C2 / T(N)), where RNOOl ia
the rate of NO v = 0 to v = 1 sxcitation via collision with
atomic oxygen, RNOLO is the coresponding relaxation rate,
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BNDORG is the energy of the v = 1 state relative to v = 0, C2
is the gecond radiative constant, and T(N) is the kinetic tem-
perature at the altitude N.

1.2 Set RBO2 = ROZ * exp(-BNDORG * C2 / T(N)), where RBO2 is the
rate of excitation of NO v = 1 via collision with molecular
oxygen and RO2 is the corresponding relaxation rate.

1.3 The density of NO(v = 1) is then given by: DNOV1 = (FRTHSH +
RNOO1 * DOX(N) + RBO2 * DOX2(N)) * DNO(N) / (ANOLO + RNOLO
DCX(N) + RO2 * DOX2(N)), where ERTHSH is the rate of v = 1
excitation due to earthshine, DOX(N) {s the atomic oxygen den-
sity, DOX2(N) is the molecular oxygen density, DNO(N) is the
NO denaity and ANO1O is the Einstein coefficient for radiation
from NO v = 1 to v =0,

1.4 Set PHEMNO(N) = ANO10 * DNOV1, where PHEMNO(N) is the volume
rate of background radiation at the altitude N,

1.5 Next N,
2. Return,

3. End.

SUBROUTINE RYT1(F, TNLAT, TNLONG, TNALT, CSPEC, NBS).

This subroutine writes the following information te unit F: observer
position &nd line-of-sight geometry, tangent point of the line-of-
sight, auroral boundaries, and the band systems involved in the calcu-
lation,

Parameters passed through common: OBLAT, OBLONG, OBALT, RNADIR, AZIM,
MORG, ARLAT2, ARLAT1, ARLONGl, and ARLONG2,
SUBROUTINE RYT6(F, IB, IBC, DOSET, TFND).

This subroutine writes the following information to unit F: the energy
parameters of the aurora, duration of auroral dosing, and time of ob-
servation relative to the beginning of auroral dosing.

Parameters passed through common: IDGM, TEFLX, AG, ALPHA, DW, and EO,

SUBROUTINE RYT2(F, J8, JE, HL, XL, SL, ZLG, TLG, L).

This subroutine writes the following information to unit F: the coor-
dinates of the point where the line-of-sight enters the auroral zone,
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the coordinates of the point where the line-of-sight exits the auroral
zone, and the length of the line-of-sight lying inside the auroral
zone, '

SUBROUTINE RYT7(TNALT, BDl, Bb2, Q, NSTP).

This subroutine writes the following information to the file RELAY:
the altitude of the tangent point of the line-of-sight, the lower al-
titude of the points where the line-of-sight enters or leaves the au-
roral rone, and the higher altitude of the points where the line-of-
sight enters or leaves the auroral zone, The file RELAY is used to
tranafer line-cf-sight information to the program €O2,

SUBROUTINE RYT4(NBS, NVL, VIBLOS, TEFF),

This subroutine writes the following information to the file BNDRAD:
band identifiers, bend origins, band radiances, and effective tempera-
tures,

SUBROUTINE LINES(NBS, NVL, VIBLOS, TEFF),

] This subroutine distributes the band radiarices as calculated in
AARCSUB to all the lines which make up the bands, according to ths
s line strengths given in the f£ile LINE2S,

Parametors passed through common: RNU(500), EMISH(500), N, and
IDENT(500),

1. Call the subroutine INBACK. This determines the value of the var-
iable IBACK. If IBACK is equal to 1, then background radiances
1 will be included in the output.

2. For K1 equal to 1 to NBS, where NBS is the number of band systems
included in the calculation, do the following:

2.1 If K1 is equal to 2 or 4, then we are dealing with one of the
1 overtone bands. The smallest v’ is then 2. Set the variable
ISTART to 2.

2.2 Otherwiss wa are considering a fundamental band, in which case
set the value of ISTART to 1.

2.3 If K1 is not equal to NBS or IBACK is equal to O, then we are
not dealing with the background band, Set K = Kl,

2.4 Otherwiso, we are dealing with the background band. Rewind
the file LINE25 to get back to the v = 1 --> v = (0 NO data and
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2.5

2.5.1

2,5,2
2.5.3
2,5,3.1
2.5.3.2
2.5.4

2.5.5
2.5,5.1
2.5.5.2

2.5.5.3
2.5.6
2.6

3. Return,

4. End,

set K equal to 1.

For 1 equal ISTART to NVL(K1l), where NVL(K1) is the number of
bands in the Kl band system, do the following:

Call the subroutine LOAD. This subroutine reads the ap-
propriate data from the file LINE25 for the band system
with upper vibrational state equal to ISTART. It uses
this data and the value of the effective band temperature
to calculate the relative intensity of all of the lines
vhich make up the band, These relative intensities are
stored in the array EMISH while the line positions are
stored in the array RNU. A string identifying the partic-
ular line is stored in the elements of the array IDENT.
The variable N is set to the number of lines in the band,

Set TEMISH esqual to 0.

For J equal 1 to N, do the following:
Set TEMISH = TEMISH + EMISH(J).
Next J.

Calculate the renormalization constant, RENORM =
VIBLOS(KL, I) / TEMISH, where VIBLOS ia the total band ra-
diance as calculated in AARCSUB,

For J equal 1 to N, do the following:
Set EMISH(J) = EMISH(J) * RENORM.

Weite the line positione, intensities and identifica-
tion to the file LNSPEC,

Next J.

Next I.

Next Kl.

SUBROUTINE LOAD(K, I, TEFF, EOF).

This subroutine inputs data from file LINE.5 appropriate for the K
band with upper vibratlional state I, The subroutine stores the line
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positions in the array RNU and calculates the relative intensitles,
gtoring them in the array EMISH. The number of lines in the band is
| stored in N.

Parameters passed through common: RNU(500), EMISH(500), N, IDENT(500),
C, HPL, C2, GO, BK, and AVGN,

1, Set SV1 = I, wherae SV1 is the upper state vibrational number.

2, If K ig equal to 1 or 3, we are dealing with a fundamental band,
_ Set SV2 ~ SV1 - 1, where SV2 is the lower state vibratlonsl num-
i ber,

3. Otherwise we are dealing with an overtone band, Set SV2 = SV1 -
2!

i 4, If K is equal to 3 or 4, we are dealing with an NO" band. Set Ml
: = 'NO+',

5, Otharwise we are dealing with an NO band. Set Ml = 'NO’,
6. Do the following:

6,1 Call the subroutine FETCH. This subroutine will return the
next non-comment line from the file LINE25,

6.2 Read the values of RNU(N + 1), EINT, ALPHA, E2, V1, V2,
ZTRANS, BRANCH, AM, 8, and D from the line returned by FETCH.

f 6.3 If V1 L8 not equal to SViL or V2 is not equal to SV2, then the
) line does not belong to the band in question, Do the follow-

ing:

6.3.1 Backspace on the file LINE25, This effectively returns
the line retrieved so that it may be gotten on the next
read,

6.3.2 Return,

i 6.4 Set El = E2 + RNU(N + 1), where El is the energy of the upper
1 state, E2 is the energy of the lower state, and RNU(N + 1) is
‘ the energy of the transition.

6.5 Set EMISH(N + 1) = EINT % G * exp(-El * C2 / TEFF), where EINT
is the Einaslein emission coafficient, G is the degeneracy of
the upper state, C2 is the second rudiative constant, and TEFF
is the effective band temperature.

6.6 Copy the identifying information into the string IDENT(N + 1).
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6.7
6.8

7. End,

Increment N,

Loop back to 6,
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Appendix C

CO2 Program Flow

MAIN PROGRAM.

1]

Yy,

Open the four data files, VIBDAT is an output file containing in-
termediate results from the SLOWCO2 caleulation. RELAY is an in-
put file contalning results calculated by the program DAARC needed
for the CO, calculation. ALLDAT is an input file containing pa-
ranetars defining the model atmosphere and parameters important
for the SLOWCO2 calculatlion, CO20UT is another output file con-
taining intermediate results from the SLOWCO2 calculation,

Read in model atmosphere data from the file ALLDAT. The subrou-
tine POSIT positiions the input f£ile to the beginning of the model
atmosphere data.

Read in the electron-ion pair production profile from the file
RELAY. The subroutine POSIT positions the input file to the ba-
ginning of the profile data,

. Read in data defining the line of sight from the file RELAY, A-

gain, the subroutine POSIT positlions the file to this information,

Call the subroutine DENSITY., This subroutine writes the model at-
mosphere input data to the file CO20UT,

. Call the subroutine SLOWCO2. This subroutine calculates the co,

vibrational temperature profile in the zone of auroral dosing,.

. Close filss VIBDAT, RELAY, ALLDAT, and CO20UT.
. Open files TAPE5, TAPE6, BNDRAD, and LNSPEC. The files TAPE5 and

TAPE6 contain output from the NLTEA calculation. BNDRAD is an
output file created by DAARC, to which the €O, band radiances will
be appended, LNSPEC 1is an output file created by DAARG, to which
the CO, line radiances will be appended.

Call POSIT to position the two files BNDRAD and LNSPEC to the end
of the NO information.
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10. For the five bands CO, bands calculated by the SLOWCO2 routine do

0.1

10.2

10.3

10.4

10.5

the

following:

Call the subroutine RYT1l. This subroutine writes the vibra-
tional temperature profile in the auroral zone to the flle
VIBTEMP. This file is used to tranifer data from the main
program to the NLTEA routine,

Call the subroutine RYT2, This subroutine writes the vibra-
tional temperature profile outside the auroral zone to the
file BACKDAT, This file is used to transfer data from the
main program to the NLTEA routine,

Call the subroutine RYT3, This subroutine writes the file
LOSDAT. This file contains parameters controlling the execu-
tion of the NLTEA routine,

Call the subroutine NLTEA, This subroutine performs a line by
line calculation of the CO, radiance over the line of sight.

During the caleulation the line radiances are written to the
£ile LNSPEC,

Write the CO, band radiances to the file BNDRAD,

11. Closs the files TAPES, TAPE6, BNDRAD, and LNSPEC,

12,

End

SUBROUTINE SLOWCO2(QE, TIMS, TDVIDT, KT, N1, N2, TEND),

This subioutine performs a time-depandent calculation of the €O, vi-
brational temperature dus to auroral excitation.

Parameters passed through common: DN2(100), D02(100), DCO2(100),
H(100), T(100), SNO(100), €CO2V2T(100), and TVIBO(100).

1. Injtialize the following variables:
A43

Al04

A%4

SIG0

425.0 Einstein cosfficlent for CO, emission
in che 4.26-pum band,

0.357 Einstein coefficient for CO, emission
in the 10.4-um band,

0.372 Einstein coefficient for CO, emission
in the 9.4-um band.

2.47E-14 000 - 001 band cross section, from
Penner, 108
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6.
6.1

6.2

6.3

FRI(L) 0.9889 626 isotopic fraction.

FRI(2) 0.0111 636 isotopic fraction.

FRI(3) 0.00074 627 isotopic fraction.

FRI(4) 0.00408 628 isotopic fraction.

FRI(5) 0.9889 626 imotopic fraction.

FRI(6) 1.00 N, isotopic fraction.

ECM(1) 2349.14 Transition enexgy for 626 001 -+ 000.
ECM(2) 2283.49 Transition ensrgy for 636 001 - 000,
ECM(3) 2340,01 Transition energy for 627 001 -+ 000.
ECM(4) 2332,11 Transition energy for 628 001 + 000,
ECM(5) 2336.63 Transition energy for 626 011 - 010,
ECM(6) 2331.00 Transition energy for N,".

Read the values of N1 and N2 from the file ALLDAT. N1 and N2 are
the lower snd upper indices of the array H giving the lower and
upper bound of the atmosphers used in the calculation.

. Read the values of the array FMXRCO02(J) from the data file ALLDAT,

for J equal N1 to N2, FMXRCO2 is the CO, mixing ratio as a func-
tion of altitude,

. Read the values of the array COZV2T(J) from the data file ALLDAT),

for J equal N1 to N2, CO2V2T is the CO, 010 vibrational tempora-
ture.

. Read the values of the array EN2VPQE(J) from the data file ALLDAT,

for J equal N1 to N2. EN2VPQE is the total N, excitation rate per
electron-ion pair.

For I equal N1 to N2, do the following:

Calculate DCO2(I) using the values of FPMXRCO2(I). DCO2(I) is
the numbex density of CO, as a function of altitude.

Calculate DCO2V2(I) using the valus of PMXRCO2(I). DCO2V2(1)
is the number density of CO, in the 010 state as a function of

alticude,
Calculats DM(I)., DM(I) is the total numbsr density of the
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species N;, 0,, and 0 as a function of altitude.

6.4 Calculate RCO2N2(I). RCO2N2(I) is the rate coefficient for
the reaction:

N," + €0, + N, + €0,(001).

6.5 Calculate RN202(I). This is the rate coefficient for the re-
action:

N;' +0, » N, +0,.

6.6 Caloulate RCO2M(M). This is the rate coefficient for the re-
action:

C0,(001) + M -+ CO,(000) + M.

6.7 Calculate RN20(I). This is the rate coefficient for the reac-
tion:

N +0-N +0

6.8 Calculate PRODN2V(I), where PRODN2V is the rate of excitation
of N, dus to auroral dusing.

6.9 For J equal 1 to 4, do the following:

6.9.1 Set DCO2LST(J, I) = FRI(J) * DCO2(I), where DCO2LST is the
number density of €O, in the lower state for the J** spe-
cies.

6.9.2 Next J,

6.10 Set DCO2LST(5, I) = FRI(5) * DCO2(I).

6,11 Next I

7. Set NLO = N1 - 5, whare NLO is the "bottom side".

8., Calculate G0, the acceleration due to gravity at the altitude
H(NLO) .

9, Calculate BTSCHT, the bottomside atmospheric scale height.

10, Read NPT, the number of escape functlion data points stored on the
data file ALLDAT.

11, Read in the values of SIGNO(I), for I equal 1 to NPT, where SIGNO
ars the values of the cross section multiplied by the column den-
aity for the set of values of the band transmission function
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stored on the data file.

12. Pead in the values of EBP(I), for I equal 1 to NPT, where EBP are
the values of the plane parallel band transmission function as
tahulated by Kumer,

13, Caloulate CO2TSCH, the CO; scale height at the top of the atmos-
phers, H(N2), assuming an ideal atmosphere. Set CO2TSCH = [H(N2)
= H(N2 - 1)} / log[DCO2(N2 - 1) / DCO2(N2)].

14, Caleulate CO2CLDN(N2), the column density at the top of the atmos-
phers, assuming an ideal, isothermal atmosphere. Set CO2CLDN(N2)
= 1,0e+05 * CO2TSCH * DCO2(N2),

15. Set SIGNI(N2) = CO2CLDN(N2) * SIGO.
16, For K equal to N2 - 1 to N1, do the following:

16.1 Calculate CO2CLDN(K), the column density for the altitude
slab, K. Set CO2CLDN(K) = CO2CLDN(K + 1) + 1.0e+05 * [H(K +
1) - H(K)] * sqrt{DCO2(K + 1) * DCO2(K)].

16.2 Set SIGNI(K) = CO2CLDN(K) * SIGO.
16.3 Next K.

17. Caloculate the column density above the lower boundary, H(NLQ).
Set CO2CDNO ~ CO2CLDN(N1) + 3,2e-04 % [DN2(NLO) + DO2(NLO)] *
BTSCHT,

18. For I = N1 to N2, do the following:

18.1 Interpolate to determine the valus of EBPNU(I), the plane par-
allal band transmission function, giving the probability that
a photon will travel from the altitude H(I) to the top of the
atmosphere without being absorbed.

18.2 Interpolate to determina the value of EBPNL(I), the value of
the transmission function for photon transmission through a
distance from the altitude H(I) to the altitude of the lower
boundary of the atmosphere,

18.3 Set ESCF(I) = EBPNU(I) + EBPNL(I), where ESCF(I) is the escape
function for the altitude H(I).

18.4 Next I.

19. For all bandm, I = 1,..., 5 and all altitudes N = N1, ..., N2, do
the following:
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19.1 Calculate the radiative loss factor, AESCF(I, N) = A43 *
ESCF(N) + Al04 + A94, if I 1is equal to 1, or AESCF(I, N) = A43
+ ALO4 + A94, otherwise,

19,2 Next N, next I,
20. Read in the value of the parameter IVIBT.

21, If IVIBT is equal to O, all initial vibrational temperatures,
TVIBO, are set equal to the kinetic temperature and the background
production rate, PRDN2VO, is set equal to 0.

22, 1f IVIBT is equal to 1, do the following:

22,1 Read in the values of the vibrationa! temperatures, TVIBO,
from the file ALLDAT.

22,2 For N equal N1 to N2, do thes following:

22,2.1 Calculate DVIDO(1l, N), the excited state /ensity of CO,
001, at the altitude H(N): DVIBO(1, N) « DCO2LST(l, N) *
EXP(-1.439 * ECM(1) / TVIB(1,N)).

22.2.2 Set DVIB(1l, N) equal to DVIBO(1l, N).

22.2,3 Calculate the background production term: PRDN2VO(N) =
- RCO2N2(N) * DN2(N) * DVIBO(l, N) + DVIB(l, N) * DENOM #
[RCO2N2(N) * DCO2LST(1l, N) + RN20(N) * DO(N)]) / (RCO2N2(N)
% DCO2(N)), where DENOM is equal to RCO2M(N) * DM(N) +
RCO2N2(N) * DN2(N) + AESCF(l, N). The value of PRDN2VQ
will cause the excited N, population to relax to the
proper value after the end of auroral excitation as
dictated by the density of the excited CO, population.

22.2.4 If N is less than 40, that is if H(N) is less than 110 km,
then do the following:

22.2.4.1 Sot DVIBO(6, N) = [PRDN2VO(N) + RCO2N2(N) * DN2(N) #
DVIBO(1, N)] / [RCO2N2(N) * DCO2(N) + RN20O(N) *
DO(N)]. DVIBO(6, N) is the density of vibrationally

excited N,.
22,2.5 Else 1f N i{s greater than 40 do the following:
22,2.5.1 Set DVIBO(6, N) = DN2(N) * EXP[-1.439 % ECM(6) /
TVIB(6, N)].
22.2.6 Set DVIB(6, N) = DVIBO(6, N).
22.2.7 For I equal 2 to 5, do the following:

214




B

22.2

22,2
22,2

22.2
22.2

l711

.7!2
.7.3

l7'a
l8

For the four weak bands, calculate the upper-state
density, Set DVIBO(I, N) = RCO2N2(N) * DCO2LST(I, N)
* DVIB(6, N) / [RCO2N2(N) * DN2(N) + RCOZM(N) +* DM(N)
+ AESCF(I, N)].

Set DVIB(I, N) =~ DVIRO(I, N).

Calculate the corresponding vibrational temperature,
Set TVIBO(I, N) = 1,439 * ECM(I) / log[DCO2LST(I, N) /
DVIB(I, N)].

Next I.

Next N,

23, Set TIMS(1) = 0.0. The array TIMS(I) hulds the time in seconds
corresponding to the Ith time step.

24, For 1 equal 1 to 6, do the following:

24.1
24,1

24.1
24,2

25, Set KT = 1,

26,

For N equal to N1 to N2, do the following:

1

02

Next I,

Set TDVIBT(I, N - N1 + 1, 1) = TVIBO(X, N). The array
TDVIBT(I, J, K) holds the value of the vibrational temper-

ature for the Ith band, at the altitude H(J), at the K
time step,

Next N.

The counter KT keeps track of the data sets stored,

Conditions for storage of data sets is the same as the conditions
for writing to the output file,

Read the values of the following parameters from the file RELAY:

TS

DOSET

TSMIN
TSMAX
FRCO

Initial length in meconds of the time step, The value
of TS is adjusted during execution.

Duration of auroral dosing. Aurora is assumed to be-
gin at time equal zero.

Minimum length of time step.
Maximum length of time step,

Maximum allowed fractional change in excited state
density,
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27.

28.

29,

30.

al.
32.

2.1

TEND Time of observation ralitiva to the commencement of
auroral dosing.

TSMULT Multiplicative factor by which TS is increased,
TIMINC Maximum time between output of intermediate results.
Read the values of the parameters ITW and ITEND from the file

ALLDAT. ITW is the number of iterations bstween output of inter-
mediate rerults and ITEND is the maximum number of iterations cal-
culated.

Set TIMES = 0.0, whare TIMES is the time in seconds since the be-
ginning of the calculation.

Set PDOSE = 1.0, where PDOSE is a flag indicating that auroral
doaing is on.

Set N110 = N1 + 10, The caleulation checks the magnitude of the
fractional changes in excited state for altitudes less than
H(N110),

Set IT = 1, where IT is the numnber of iterations calculated.

While TIMES is loss than TEND and IT is less than ITEND, do the
following:

For N equal Nl to N2, calculate the production and loss rates
of the excited species. Do the following:

32.1.1 Set PROD(6, N) = PDOSE % PRODN2V(N) + PRDN2VO(N) +

RCO2N2(N) * N2 * DVIB(1, N), where PROD{6, N) is the ex-
citation rate of N,.

32.1.2 Set XLOSS(6, N) = RN20(N) * DO(N) + RN202(N) * DO2(N) +

RCOZ2N2 * [DCO2LST(1, N) + DCO2LST(2, N) + DCO2LSI(3, N) +
DGO2LST(4, N) + DCO2LST(5, N)], where XLOSS(6, N) is the
rate of de-excitation of axcited N,.

32.1.3 For I equal 1 to 5, caloculate the rate of production and

loss of the Ith GO, isotope. Do the following:

32.1.3.1 Set PROD(I, N) = RCO2N2(N) * DCO2LST(I, N) *

DVIB(6, N).

32.1.3.2 Set XLOSS(I, N) = AESCF(I, N) + RCO2N2(N) % DN2(N) +

RCO2M(N) * DM(N).

32.1.3.3 Next I.
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32.1.4

Next N.

32.2 For N equal N1 to N2, using the production and loss rates just
calculated, calculate the values of the excited-state densit.
ies aftar the time step TS, Do the following:
32.2.1 For 1 equal 1 to 6, do the following:
3z.2.1.1 Calculate the new vibrational density, DVIB, based on
the value of the old vibrational density, DVIEO. Set
DVIB(I, N) = [DVIBO(I, N) + TS * PROD(I, N)] / (1.0 +
TS * XLOSS(I, N)].

32,2,1.2 If N is not greater than N110 and I is equal to either
1l or 6, and the fractional change in DVIB is greater
than FRCO, then do the following:

32.2,1.2.1 Set ITSMULT = 0, where ITSMULT is a flag indica-

ting whether or not a later step should increase
the value of the time step, TS,

32.2.1.2,2 Calculate a new value for the time step 15, If

the new values is leas than TSMIN, retain the old
value and continua, Otherwise, replace the value
of TS and go back to the beginning of the altitude
loop, step 32,2,

32,2,1.3 Next 1I.

32.2.2 Next N,

32.3 If TIMES is greater than TIMEW + TIMINC, where TIMEW is the
time of the last output of data, or if TIMES is approximately
equal to DOSET, the time of auroral shutoff, or if IT is a
multiple of ITW, then output the current values of the vibra-
tional densities. Do the following:

32.3.1 Set TIMEW =~ TIMES,

32.3.2 Increment KT,

32.3.3 Set TIMS(KT) = TIMES + TS,

32.3.4 For N equal N1 to N2, do the following:

32.3.4.1 Set NL = N - N1 + 1,

32,3.4.2 For I equal 1 to 6, do the following:
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32.3.4.2.1 Using the value of DVIB(I, N), calculate the vi-
brational temperature TVIB(I, N).

32.3.4,2,2 §st TDVIBT(I, NL, KT) = TVIB(I, N).

32.3.4,2.3 Nex: T,

32,3.4,3 Next N,

32,3.5 Write to the output file TAPE6 the values of the vibra-

tional densities and temperatures, and also the production
and loss rates,

32,4 For N equal N1l to N2, do the following:

32.4.1 For I equal 1 to 6, do the following:
32,4.1.1 Set DVIBO(I, N) = DVIB(I, N).
32.4.1.2 Next I

32.4.2 Next N.

32.5 If ITSMULT is equal to 1, then set TS = TS % TSMULT.
32.6 If TS im greater than TSMAX, set TS = TSMAX,
33, Return,

34, End,
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Appendix D

Program CONV
MAIN PROGRAM,

Parameters paised through common: RNU(8000), EMISH(8000), NLINES,
ISHAPE, FWHM, DELMAX, MXDLS, C, HPL, C2, GO, BK, and AVGN.

1. Initialize G, the speed of light, HPL, Planck'’s constant, GO, the
acceleration due to gravity, BK, Boltzmann's constant and AVGN,
Avogadro's number,

2. Call the subroutine LOADDE., This subroutine reads the input file
DEFLTS, containing the default values of the input parameters, in-
to the character array DFLTS. The array DFLTS acts as a buffer
for the input and output of the user-defined input parameters.

3. Call the subroutine INSPECS, This subroutine reads the value of
! the parameters ISHAPE, FWHM, DELMAX, and MXDLS from the array
DFLTS,

4, Open the output file SPECT and the input file LNSPEC.

5. Transfer the informational preface from the input file LNSPEC to
the output file SPECT. These lines, running from the beginning of
the file to a line containing the string $$$END$S$, contain infor-
mation defining the observation conditions. Do the following:

5.1 Read a line from the file LNSPEC,
5.2 Write that line to SPECT,

5.3 If that lins does not contain the atring $$$END$$S, go to step
5.

6, Set DEL =~ DELMAX * FWHM, where DEL i{s maximum distance away from
the line center in wavenumbsra for which the line shape is calcu-
lated and included in the synthetic spectrum, FWHM {5 the full-
width-at-half-maximum of the spectrometar response function, and
DELMAX is the maximum distance in units of FWHM.
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7.
80

Set I = 1,

The file LNSPEC contains line positions and strengths which are to
be read into the arrays RNU and EMISH, Do the following:

8.1 Call the subroutine FETCH., This subroutine reads the file,

placing the next line which does not begin with the character
'C' (comment lines) into the string BUFFER,

8.2 If we have reached the end of the file, go to stap 9.

8.3

Read the values of RNU and EMISH from the string BUFFER.

8.4 If RNU is within the wavenumber bounds of the synthetic spec-

8.5
9'

10.

11.

12,

12,
12.1

12.2

13,

trum requested by the user, set I = I + 1,
Go the step 8.

Call the subroutine LOADGL. This subroutine initializes the array
GL, which will hold a set of wavenumber values, regularly spaced
from the lower bound of the spectrum to the upper bound of the
spectrum,

Call the subroutine LOADR., This subroutine calculates values for
the array R, the spectral radiance corresponding to the wavenumber
value of GL.

Set PMAX = ARMAX(R, NG), where the function ARMAX determines the
maximun value in the array R,

Set PMIN = ARMIN(R, NG), where the function ARMIN determines the
minimum value in the array R.

Write the values of GL and R to the file SPEGCT, Do the following:

Write the minimum and maximum values of Gl., the total number
of points in the spectrum, the increment in wavenumber between
different points in the spectrum, and the minimum and maximum
values of the spectral radiance,

Write the values of GL and R to the file using a compressed
format with every tenth value of GL in the left column follow-
od by 10 successive values of R.

End.

SUBROUTINE LOARDE().

This

subroutine loads parameter default values into the array DFLTS,
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It does this by flrst attempting to read the file DEFLTS. If this
file is unavailable, the subroutine loads the array DFLTS with values
hardwired into the program,

Paramstera passed through common: DFLTS(10).
1. Open the input f£ile DEFLTS,

2. If there {s no error while opening the file (that is, the file ex-
ists) do the following:

2.1 Open the file SCRATCH for temporary storage.
2.2 For I equal 1 to 10, do the following:

2.2.1 Read a line from DEFLTS into the character variable
DFLTS(I).

2.2.2 Write DFLTS(I) to the file SCRATCH.

2,2.3 If the first character of the line just read is the letter

'C' go to 2.2,1. This line is a comment line contained in
the file and is ignored by the program.

2.2.4 Next I.
2.3 Close the file DEFLTS,
2.4 Return,

3. If an error occured while attempting to open the file DEFLTS (that
is, the file does not exist) then do the following:

3.1 Store into the array DFLTS values which ars hard-wired into the
program.

3.2 Return.

4, BEnd,

SUBROUTINE INSPECS(GMIN, GMAX, IFLG).

This subroutine allows the input of parameters determining the charac-
ter of the synthetic spectrum,

Parameters passed through common: DFLTS(10), ISHAPE, FWHM, DELMAX, and
MXDLS,

1. Read from the string variable DFLTS(8), the values of GMIN, GMAX,

221

L W TR D ]




FWHM, ISHAPE, DELMAX, and MXDLS.
. If IFLG is not equal to 1, than return,

. Print the spectral parametar menu to the terminal.

2
3
4, Input the values of N from the terminal,
5. If N i{s less than 0 or greater than 6, go to 4.
6. If N is equal to 1, do the following:

6

1 Read from the terminal the value of GMIN, the lower bound of
the sythetic spectrum to ba generated,

6.2 If GMIN is less than O, go to 6,1,
7. If N is equal to 2, do the following:

7.1 Input from the terminal the value of GMAX, the upper bound of
the synthetic spsctrum,

7.2 If GMAX {s less than 0, go to 7.1,
8. If N ims equal to 3, do the following:

8.1 Input from the terminal the value of FWHM, the full.width-at-
half-maximum of the synthetic spectrum,

8.2 If FWHM is less than 0, go to 8.1,

9. If N is equal to 4, call the subroutine INSHAPE, which allows the
user to Input the spectrometer response function.

10. If N is equal to 5, do the following:

10.1 Input from the terminal the value of DELMAX, the maximum num-
ber of half-widths calculated within each line.

10.2 If DELMAX is less than 0, go to 10.1.
11, If N 1is equal to 6, do the following:

11.1 Input from the terminal, the value of MXDLS, the maximum number

of points to be calculated for the spsctrum,
11.2 If MXDLS is less than 0, go to 11.1,
12. If N is equal to 0, do the following:
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12.1 Write the walues of GMIN, GMAX, FWHM, ISHAPE, DELMAX, and
MXDLS to the string varlable DFLTS(8).

12.2 Return,
13. Go to 4.
14, End.

SUBROUTINE FETCH(F, BUFFER, EOF),.

This subroutine raturns, in the string BUFFER, the first record of the
file F which does not have a character 'C' as lts first character,
This allows comment statements to be inserted into the daca file.

1, Input a record from the file with unit number F, placing it in the
string variable, BUFFER,

2. If an error occured while reading the file, do the following:

2,1 Set EOF = 0, This indicates to the calling routine that an
error has occurred,

2.2 Roturn.

3. 1f the first character of the string BUFFER is equal to 'C', go to
1.

4, Set FOF = 0. This indicates to the calling program that the search
was successful.

5. Return,

6. End.

SUBROUTINE LOADGL(GL, NG, GMIN, GMAX, DEL)

This subroutine initializes the array GL.. This array holds a set of
evenly spaced points spanning the limits of the spectrum requested.

1. Set NG = 1,

2. Call the subroutine CALDEL., This subroutine calculates a suitable
value for the spacing in wavenumber between the elements in the
array GL.

3, Do the following:
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3.1 Set GL(NG) = GMIN + DEL * (NG - 1).

3.2 If CL(NG) is greater than GMAX, set NG = NG - 1 and return,
3.3 Else set NG = NG + 1,

3.4 Go to step 3.

4, End.

SUBROUTINE CALDEL (GMIN, GMAX, DEL)

This subroutine determines the value of the increment parameter DEL,
such that the interval from GMIN to GMAX is divided into less than
MXDLS intervals and DEL is convenient (0,01, 0,02, 0.04, or 0,05, for
example). The subroutine uses trial and error to determine DEL.

Parameters passed through common: ISHAPE, FWHM, DELMAX, and MXDLS.
1. Set DEL = 0.0001.
. Set G = GMAX - GMIN,
. Do the following:

2

3

3.1 Set DEL = 10 * DEL.

3.2 For J equal 1 to 4, (o the following:
3

2.1 Set K= J +J /3, As J takes on the values 1 through 4,

K will assume the integer values 1, 2, 4, and 5.

3.2.2 Set ITEST = G / {K * DEL), where ITEST is the number of
increments required to span the limits of the spsctrum.

3.2.3 If ITEST i{s less than or equal to MXDLS, do the following:

3.2.3.1 Set DEL =~ K * DEL.

3.2.3.2 Set GMIN = INT(GMIN / DEL) * DEL + DEL.

3.2.3.2 Return.

3.2.4 Else next J.

3.3 Go to step 3.

4. End,
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SUBROUTINE LOADR(R, GL, NG),

This subroutine calculates the values for the array R, the spectral :
radiance at the value of wavenumber GL, : L
|
]

Parameters passed through common: RNU, EMISH, NLINES, ISHAPE, FWHM,
DELMAX, and MXDLS.

1. Set DELINC = GL(2) - GL(l), where DELINC is the increment between -
the wavenumbe» points,

2. Set the elements of the array R to 0.

3. Set DEL = DELMAX * FWHM. The algorithm calculates for a particu- l 3
lar wavenumber, GL, the spectral radiance, R, due to all emiscion 0
lines in the file LNSPEC., Since not all lines contribute to the :
emission at GL, DET, will provide a cutofl, giving the maximum dis-
placement away from GL for a line to be included in the calcula-
tion,

4, Loop over all individual emission lines read from the file LNSPEC
and stored in the arrays RNU and EMISH, For 1l equal 1 to NLINES,
whera NLINES is the number of lines read in, do the following:

4.1 The emission line at RWU contributes to the synthetic spectrum .
at points displaced from the line by an amount less than DEL,
Calculate the lower and upper indices of the array GL to which
the line will contribute. Do the following:

4.1.1 Set J1 = INT((FNU(I) - DEL - GL(l)) / DELINGC) - 1, where
J1 18 to be the lower index. If J1 is less than 1, set J1
equal to 1,

4.1.2 Set J2 = 2 % INT(DEL / DELINC) + J1 + 3, where J2 is to be
the upper index. 1I1f J2 is greater than NG, set J2 equal
to NG,

4.2 If JL 13 less than NG and J2 is greater than 1. do the follow-

ing:

4.2.1 For J equal J1 to J2, do the following:

4,2.1.1 Set DELTA = ABS(GL(J) - RNU(I)), where DELTA is the

displacement of the emission line from the point in
the spectrum, GL, being calculated,

4.2.1.2 If DELTA is leas than DEL, set R(J) = R(J) +

LNSHAPE (EMISH(I), DELTA), where the function LNSHAPE
calnulates the contribution of the emission line to
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the spectrum at GL, according to the spectrometer re-
sporse function chosen,

4,.2,1.3 Next J.
4.3 Next I,
5. Return.

6. End.

REAL FUNCTION LNSHPE(EMISH, DELTA).
This function returns the spectral radiance at a point displaced a

distance DELTA from line center, folding in the spectrometer response
function,

Parameters passed through common: ISHAPE, FWHM, DELMAX, and MXDLS.

1. If the parameter ISHAPE is equal to 1, the user has requested a
triangular spectrometer response function. Do the following:

1.1 If DELTA is greater than FWHM, set LNSHPE = O,
1.2 Else set LNSHPE =~ (FWHM - DELTA) / FWHM w* 2,

2. Else 1f the parameter ISHAPE is equal to 2, the user has requested
a Gaussian rasponae function. Do the following:

2.1 Set LNSHPE = exp(- 0.5 % X ** 2) / (sqrt(2 * PI) * SIGMA),
where SIGMA ~ FWHM / sqrt(2 * log(2)) and X ~ DELTA / SIGMA.

3. Else LIf the parameter ISHAPE is equal to 3, the user has requested
a sinc response function., Do the following:

3.1 Set LNSHPE =~ SINC(X) / SIGMA, where the function SINC returns
the value of the sinc function for X, X = DELTA / SIGMA, and
SIGMA = FWHM / 1.2067.

4. Else if the parameter ISHAPE is equal to 4, the user has requested
a Hamming lineshape. Do the following:

4,1 Set LNSHPE = HAMM(X) / SIGMA, where the function HAMM returns
the value of the Hamming function for the argument X, X =
DELTA / SIGMA, and SIGMA -~ FWHM / 1.8218.

5, Else if the paramster ISHAPE is equal to 5, the user has requested
a rectangular lineshape. Do the following:
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5.1 1f DELTA is greater than FWHM set LNSHPE = 0, else set LNSHPE
= 0.5 / FWHM,

6, Set LNSHPE = EMISH % LNSHPE.
7. Return.

8. End,

FUNCTION SINGC(A).
This function returns the value of the sinc function = sin{x) / =,
1, Set ARG = abs(A).
2, If ARG 1ls greater éhan 0.2, set SINC = sin(A) / A.
3, Else approximate with a series. Do the following:
3.1 Set 22 = ARG ** 2,

3.2 Set SINC = 1 + 22 % (CL + 22 % (G2 + C3 * 22)), vhere Cl = -
1/6, €2 = 1/120, and C3 = - 1/5040,

4, Return,

5. End.

FUNCTION HAMM(A).
This function returns the value of the Hamming function.

1. Set HAMM = (SING(A) + Al % (SINC(A + 1) + SINC(A - 1))) / A0,
whera AO = 1.857504 and Al = 0,428752,

2, Return.

3. End.

FUNCTION ARMIN(ARRAY, N).

This function returns the value of the smallest ealement in the array
ARRAY,

1. Set ARMIN = ARRAY(1).

2. For I equal 2 to N, whore N is the number of elemants in the ar-
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ray, do the following:
2,1 If ARRAY(I) is less than ARMIN, set ARMIN = ARRAY(I).
2.2 Next I,
3., Return,

4, End,
FUNCTION ARMAX(ARRAY, N).
This function raturns the value of the largest element in the array
ARRAY, ;
1. Set ARMIN = ARRAY(1,. '

2, For I equal 2 to N, whera N is the number of elements in the ar-
ray, do the following:

2.1 If ARRAY(I) is less than ARMIN, set ARMIN = ARRAY(I).
2.2 Next I.
3. Return,

4, End.
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